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A b s t r a c t
—  n —  ;
Recent  developements  in  Computerised A x ia l  Tomography^ n c n - d e s t r u c t i v e  
t e s t i n g  o f  m a t e r i a l s ,  and e l e m e n t a l  a n a l y s i s  have encouraged a renewed 
t h e o r e t i c a l  and e x p e r im e n ta l  i n t e r e s t  in  t h e  d e t e r m i n a t i o n  o f  a t t e n u a t i o n  
c o e f f i c i e n t s .  In p a r t i c u l a r ,  the  low energy  r e g i o n ,  <100 keV, i s  im p o r ta n t  
because  o f  t h e  r a p i d  changes o f  jx. w ith  a b s o r b e r  a tomic  number and photon 
energy .  A lso ,  t h i s  r e g io n  i s  im p o r ta n t  f o r  m ed ica l  a p p l i c a t i o n s  and t h e r e  i s  
i n c r e a s i n g  im por tance  b e in g  p la ced  upon t h e  l i m i t e d  v a l i d i t y  o f  the  m ix tu re  r u l e  
ne a r  a b s o r p t i o n  edges.
Th is  t h e s i s  rev iews  the  development  o f  th e  e x p e r i m e n t a l  measurements o f  jjl 
showing a s i g n i f i c a n t  l a c k  of measured d a t a  in  t h i s  ene rgy  r e g i o n .  The p r e s e n t  
s t a t e  o f  t h e o r e t i c a l  knowledge i s  reviewed in  c h a p t e r  3 f o r  th e  most s i g n i f i c a n t  
modes o f  i n t e r a c t i o n ,  be ing  p h o t o e l e c t r i c  e f f e c t  and i n c o h e r e n t  and R ay le igh  
s c a t t e r i n g .
Measurements o f  jx  and have been made w i th  a S i ( L i )  d e t e c t o r  and a
conm erc ia l  Am-241 r a d i o i s o t o p e  s o u r c e .  The i so to p e  i s  d i s t r i b u t e d  in a ce ramic  
m a t r ix  and p laced  in  a s t e e l  c a s i n g  wi th  a t h i n  b e r y l l i u m  window p e r m i t i n g  low 
ene rgy  e m is s io n  over 2 r c . F i f e t e e n  peaks were used in  th e  range  14 t o  60 keV. 
The a b s o r b e r s  used were compounds or e lem en ts  in  e i t h e r  l i q u i d  o r  s o l i d  form,
r a n g in g  from 2 cm o f  w ate r  and v a r io u s  o r g a n ic  s o l u t i o n s  t o  much t h i n n e r
specimens o f  corn-pressed powdered s o l i d s ,  and f o i l s  o f  aluminium, s i l i c o n  and
g r a p h i t e .  The t r a n s m i t t e d  energy  s p e c t r a  were reco rded  on paper  t a p e  and
an a ly se d  fo r  peak l o c a t i o n  and i n t e g r a t e d  peak count  on t h e  CDC7 600 a t  t h e  
U n i v e r s i t y  o f  London Computer C e n t r e .  Subsequent  a n a n l y s i s  and c o m p u ta t i o n s  were
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c a r r i e d  ou t  w i th  t h e  S u r r e y  U n i v e r i t y  PRIME computer .
D e ta i l e d  c o n s i d e r a t i o n s  has  been given  t o  c o r r e c t i o n s  r e q u i r e d  t o  t h e  
measured va lue  oj- p  and a r i s i n g  from s c a t t e r  c o n t r i b u t i o n s  from
i n c o h e r e n t  and R ay le igh  i n t e r a c t i o n s .
To Kusum & Fisha
To Harj inder & Parmjit
To Love & Friendship.
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10 Re fe rence s 204
cr. = P h o t o e l e c t r i c  c r o s s - s e c t i o n  of  t h e . I s  e l e c t r o n ,
v = P h o to e l e c t r o n  v e l o c i t y  (m /s ) ,
c = Speed o f  l i g h t  i n  vacuum (= 2.997925*108 m / s ) .
3 = v / c
I  = S c a t t e r e d  photon i n t e n s i t y  a t  a d i s t a n c e  r  and a n g l e  0 
to i n c i d e n t  photns (m2/ p h o t o h / e l e c t r o n / s / s t e r a d i a n ) .
r  = C l a s s i c a l  e l e c t r o n  r a d i u s  (= 2 .817938*10“ 15) .
= D i f f e r e n t i a l  K l i e n -N is h in a  c o l l i s i o n  c r o s s - s e c t i o n  pe r  e l e c t r o n .
Compton c r o s s - s e c t i o n  per  e l e c t r o n ,  (m2/ e l e c t r o n )  .
a = Ra t io  o f  photon energy to  e l e c t r o n  r e s t  mass energy .
Chapter  3 from s e c t i o n  3 . 5 .  As f o r  above c h a p t e r s  p lus  a l s o ,
x^ = Thickness  o f  a b s o r b e r ,  m.
1 = D is ta n c e  measured from the  lower f a c e  o f  the  a b s o rb e r  to t h e
p o s i t i o n  o f  the  s c a t t e r i n g  ev e n t ,  A, (m).
x^-1 = D is ta n c e  t r a v e l l e d  by primary photon i n s i d e  th e  a b s o rb e r  
b e f o r e  be ing  s c a t t e r e d ,  (m).
T = D is ta n c e  t r a v e l l e d  i n s i d e  th e  ab s o rb e r  a f t e r  be ing  s c a t t e r e d ,  (m).
x t  = A b s o r b e r - d e t e c t o r  p la n e  d i s t a n c e  (m).
d = Radius o f  d e t e c t o r  p l a n e ,  (m).
d* = Radius o f  photon beam i n c i d e n t  on a b s o r b e r ,  (m) .
h = D is tan ce  from c e n t r a l  a x i s  on d e t e c t o r  p la n e ,  (m). •
R = D is ta n c e  from s c a t t e r i n g  p o in t  i n s i d e  a b s o rb e r  to a p o in t
on the  d e t e c t o r  p la n e ,  (m).
d(AS) = S c a t t e r i n g  c r o s s - s e c t i o n  f o r  a photon from c e n t r a l  beam on ly  
a t  a p o i n t  A and d i r e c t e d  i n t o  th e  d e t e c t o r  p l a n e ,  (m2) .
d(AS) = T o ta l  c r o s s - s e c t i o n  f o r  photon s c a t t e r i n g  i n t o  d e t e c t o r  p la n e  
° from c e n t r a l  beam o n ly ,  (m2) .
a = Angle sub tended by a chord on to th e  c e n t r e  o f  the  b ase  o f  a 
cone,  (whose r a d i u s  i s  g r e a t e r  than  d ) , p r o j e c t e d  by an 
o f f - c e n t e r e d  beam.
B = R a t io  o f  chord l e n g th  to c i rc u m fe re n c e  o f  p r o j e c t e d  cone b a s e .
AS = T o ta l  s c a t t e r i n g  c r o s s - s e c t i o n  f o r  photons from i n c i d e n t  beam 
to s c a t t e r  from ab s o rb e r  atoms and be d i r e c t e d  towards t h e  
d e t e c t o r  p la n e ,  (m2) .
61 = Number of  photons  reduced th rough i n t e r a c t i o n  w i th  a b s o rb e r  
atoms i n  t r a v e r s i n g  6x.
I  = I n t e n s i t y  t r a n s m i t t e d  th rough a b s o rb e r ,  (no . / s /  m2) .
x = Thickness  o f  a b s o rb e r  i n  the  d i r e c t i o n  o f  p h o ton -pa th ,  ( m) .
y = T o ta l  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  o f  ab s o rb e r  ( m- 1 ) .
Z — Atomic number o f  a b s o r b e r .  * ■
E = Photon energy (keV).
gt#t = T o ta l  photon i n t e r a c t i o n  c r o s s - s e c t i o n  w i t h  ab s o rb e r  atoms ( :
= P h o t o e l e c t r i c  c r o s s - s e c t i o n  ( m 2) .
Coherent  c r o s s - s e c t i o n ,  ( ' in2) .
aUc= Incohe ren t  c r o s s - s e c t i o n ,  ( m2) .
°sm)T T o ta l  s c a t t e r i n g  c r o s s - s e c t i o n ,  ( m2) .
N = Number o f  a b s o rb e r  atoms per  u n i t  volume, (m- 3 ) .
Na = Number o f  atoms per  one gram m o lecu le ,  (mol- 1 ) .
M = Molar mass (kg mol- 1 ) .
p = Absorber d e n s i t y  (kg m” 3) .
= Weight f r a c t i o n  o f  th e  i ’t h  c o n s t i t u e n t  o f  a b s o r b e r .
R = Gas c o n s t a n t ,  (kg mol” ) .
T = Tempera ture o f  gaseous a b s o r b e r ,  (K) .
m = Mass o f  g a s , ( k g ) .
An = Atmospheric p r e s s u r e  (= 101,325 N/m2) .
n = Order o f  d i f f r a c t i o n .
X = Photon w avelength ,  (m).
d = I n t e r p l a n a r  s p a c in g ,  (m).
0 = D e v ia t io n  o f  photon,  ( r a d ) .
W ^ _ E  ^ = Xray tube energy window f u n c t i o n  w i th  FWHM = o.
T = Absorber  t r a n s m i s s i o n  f u n c t i o n .
Chapter  2 . As f o r  c h a p t e r  1 p lu s  a l s o ,
S, . = In c o h e re n t  s c a t t e r i n g  f u n c t i o n  where q = momentum t r n s f e r
' y* ■ to  an e l e c t r o n  o r  atom.
F,  v = Atomic form f a c t o r  f o r  Rayle igh  s c a t t e r i n g .> t.;
Chapter  3. Up to s e c t i o n  3 .4 .  As f o r  c h a p te r s  1 and 2 p lus  a l s o ,  
h = P l a n c k ' s  c o n s t a n t ,  (6.625*10 34 J s ) . 
t[>. = Wave f u n c t i o n .
H = Hami lton ian ,  
a, = D irac  m a t r i x .
k, = k - v e c t o r  of  i n c i d e n t  r a d i a t i o n .
= I n i t i a l  bound s t a t e .
\{j? = F in a l  continuum s t a t e .
1 G enera l  I n t r o d u c t io n
The i n t e r a c t i o n  o f  gam ma-rad ia t ion  wi th  m a t t e r  i s  c h a r a c t e r i s e d  by th e  f a c t  
t h a t  each  photon i s  removed o r  r e - d i r e c t e d  i n d i v i d u a l l y  from a p a r a l l e l  i n c i d e n t  
beam i n  a s i n g l e  e v e n t .  Thus th e  number o f  photons removed,  S I ,  i s  dependen t  on 
t h e  a b s o r b e r  l e n g t h  Sx and t h e  number o f  photons i n c i d e n t
i . e .  81 = P I  * 8x where t h e  p r o p o r t i o n a l i t y
c o n s t a n t  U , i s  t h e  ' a t t e n u a t i o n  c o e f f i c i e n t ’ . A na ly s i s  o f  th e  i n t e r a c t i o n  o f  
y - r a y  photons  w i th  m a t t e r  c o n s i s t s  o f  d e t e rm in in g  t h e  va lu e s  o f  U a s  a f u n c t i o n  
o f  energy  and t h e  a b s o rb in g  medium fo r  t h e  d i f f e r e n t  p r o c e s s e s  by which t h e  
photons may b e  removed from t h e  beam.
The a t t e n u a t i o n  c o e f f i c i e n t  has  moved over t h e  y e a r s  from a d e s c r i p t i o n  o f  
th e  p e n e t r a b i l i t y  of  m a t e r i a l s  by photons  t o  be ing  a param ete r  o f  c o n s i d e r a b l e  
t h e o r e t i c a l  and p r a c t i c a l  s i g n i f i c a n c e . Both exper im en ts  and t h e o r y  have been 
l i m i t e d  in t h e  range  o f  t h e i r  a p p l i c a b i l i t y  and u n t i l  t h e  i n t r o d u c t i o n  o f  CT 
scann ing  which claimed h ig h  accuracy  in y. measurement,  p r o g r e s s  in  e s t a b l i s h i n g  
va lues  o f  y was l i m i t e d .  I t  remains  t o  be seen whether  t h e o r e t i c a l  p r e d i c t i o n  
and i n t e r p o l a t i o n  can y i e l d  a c c u r a t e  and p r e c i s e  v a lues  o f  y i n ,  f o r  example,  
m ix tu r e s  o r  whe ther  exp e r im e n ta l  measurements may have to  be r e l i e d  upon. Th is  
i s  assuming t h a t  energy  s c a t t e r i n g  and a b s o r p t i o n  e v e n t s  l e ad  to  a permanent  
removal o f  photons  from the  beam. In a "poor geom etry” s i t u a t i o n ,  b road  beam
c o n d i t i o n s  p r e v a i l ,  ( s e e  f i g .  1 .1 )  and s c a t t e r i n g  e v e n t s  as  w e l l  as o t h e r
p ro c e s s e s  c o n t r i b u t e  secondary  photons  t o  t h e
prim ary  beam a t  a l l  p o i n t s .  C a lc u la t io n s  o f  t h i s  e x t r a
Fig. la) Narrow beam geometry.
Detector
Absorber
Lead
collimator
lb) Broad beam geometry.
c o n t r i b u t i o n ,  (b u i ld u p ) ,  a r e  ex t rem ely  involved  and num e r ica l  a n a l y s i s  i s  o n ly
p o s s i b l e  w i th  t h e  use o f  co m p u te r s .  B a s i c a l l y  t h e  c a l c u l a t i o n  c o n s i s t s  o f
s o lv in g  t h e  i n t e r a c t i o n  p r o b a b i l i t y  e q u a t io n  f o r  pho tons  and keep ing  t r a c k  o f  a l l
a b s o r p t i o n  and s c a t t e r i n g  e v e n t s  in  which changes in  ene rgy  and d i r e c t i o n  occur .
There a r e  s i x  v a r i a b l e  pa ram e te r s  —  3 f o r  p o s i t i o n ,  2 f o r  d i r e c t i o n ,  and 1 f o r
ene rgy .  Var ious  methods have been used f o r  such c a l c u l a t i o n s  (Spencer  and FanoA
G o ld s te in  and Wilkins)  f o r  energy b u i ld u p ,  energy  a b s o r p t i o n  b u i l d u p  and dose
A
b u i l d u p  for  both  p o i n t  i s o t r o p i c  and p lane  m o n o d i r e c t i o n a l  s o u r c e s .  High 
c o l l i m a t i o n  b r i n g s  a requ i r e m en t  f o r  v e ry  a c t i v e  p o i n t ’ s o u rc e s  o f  pho tons  and 
th e  ch o ic e  o f  iso tope  or  X-ray  g e n e r a to r  i s  n o t  s t r a i g h t  fo rw ard .
Absorp t ion  w i l l  always in t ro d u c e  some s c a t t e r e d  low energy  p h o to n s ,  so an 
i n i t i a l l y  monoenerget ic  beam w i l l  n o t  remain s o ,  and measurements in  p w i l l  
d e v i a t e  and s p read .
«
This  p r o j e c t  w i l l  c o n c e n t r a t e  on t h e  i n t e r a c t i o n  o f  low ene rgy  pho tons  (< 60 
keV) w i th  m a t e r i a l s  of  low atomic number (<20).  The t h r e e  most p rom inen t  modes 
o f  r e a c t i o n  a r e  p h o t o e l e c t r i c  a b s o r p t i o n ,  • Compton ( in c o h e r e n t )  s c a t t e r i n g  and 
Rayle igh  (c o h e re n t )  s c a t t e r i n g .
Table t1 shows a s t y l i s e d  l i s t  o f  photon i n t e r a c t i o n  w i th  m a t t e r  and t h e  
approximate  atomic  number photon energy  (Z-E) range  where t h e  c r o s s - s e c t i o n  i s  
s i g n i f i c a n t .
P h o t o e l e c t r i c  a b s o r p t i o n  i s  t h e  i n t e r a c t i o n  o f  a photon w i th  a bound atomic 
e l e c t r o n ,  which i s  e j e c t e d  i t  from th e  atom. The i n c i d e n t  photon e n e rg y  i s  
com ple te ly  absorbed and i s  t r a n s l a t e d  to  th e  k i n e t i c  en e rg y  o f  t h e  r e s u l t i n g  
p h o to e l e c t r o n  l e s s  t h e  b ind ing  energy  o f  the  e l e c t r o n ,  though t h e  p r o b a b i l i t y  i s  
g r e a t e r  t h e  more t i g h t l y  bound t h e  e l e c t r o n ,  and hence t h i s  p r o c e s s  c h i e f l y  
in vo lves  th e  K s h e l l  e l e c t r o n s .  The i n t e r a c t i o n  o f  pho tons  w i th  weakly  bound
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e l e c t r o n s  r e s u l t i n g  in t h e  em iss ion  o f  an e l e c t r o n  and th e  s c a t t e r e d  photon b u t  
w i th  i n c r e a s e d  wavelength  i s  termed th e  Compton e f f e c t .  Th is  i s  an i n e l a s t i c  
p ro c e s s  s i n c e  t h e  e l e c t r o n  i s  r a i s e d  from a bound s t a t e  t o  t h e  cont inuum. 
Rayle igh  s c a t t e r i n g  i s  an i n t e r a c t i o n  between pho tons  and bound a tomic  e l e c t r o n s  
where t h e  atom remains  in t h e  same s t a t e  as  b e f o r e  t h e  i n t e r a c t i o n ,  and t h e  
photon r e t a i n s  a l l  i t s  energy .  Fran a Wave Mechanical  p o i n t  o f  view t h i s  
r e p r e s e n t s  a ’c o h e r e n t ’ r e f l e c t i o n  o f  photons from d i f f e r e n t  p a r t s  o f  th e  atomic  
cha rge  d i s t r i b u t i o n .
The p r o b a b i l i t y  o f  o t h e r  ty p e s  o f  i n t e r a c t i o n  as shown in  Table  /.1 a r e  
n e g l i g i b l e  w i th  r e s p e c t  t o  t h e  t h r e e  above modes,  and so w i l l  n o t  be c o n s id e r e d  
any f a r t h e r .
This  rev ie w  i n t r o d u c e s  t h e  p h y s i c a l  conce p ts  o f  j l , b r i e f l y  d e s c r i b e s  t h e  
energy  range  and a b s o rb e r s  o f  i n t e r e s t  to  Medical  P hys ic s  i n c l u d i n g  s p e c i a l  
c a s e s  and rev iews  the  e x p e r im en ta l  and t h e o r e t i c a l  h i s t o r y .  The a b s t r a c t i o n  and 
p r e s e n t a t i o n  o f  a l l  i n t e r p o l a t i o n  from a v a i l a b l e  ft. d a ta  i s  t h e n  d i s c u s s e d  
fol lowed  by t h e  ex p e r im e n ta l  ar rangement c o n s t r u c t e d  fo r  making measurements  
and t h e  a p p l i c a t i o n  o f  th e  l a t t e r  t o  CT scann ing .
The t o t a l  photon  c r o s s  s e c t i o n  i s  given by
where tm =photo e l e c t r i c  c r o s s - s e c t i o n .
cr =coherent  c r o s s  s e c t i o n .
= in co h e ren t  c r o s s - s e c t i o n
a l l  in  u n i t s  o f  m2/a tan
/m, where N=no. o f  a to m s /m3
Mi (ai
where Na = Avogadro’ s number.
and M = molar  mass
C onver t ing  utot t o  barns /a tom (1 b = 1**10'-. m2)
TK<»\ fX ( ^ / v ^  ^ ( b/atovn^ *  hJoi *.  ^ne \o *
f o r  a compound,
where <*>i i s  t h e  p r o p o r t i o n
■«t  t  y «  n  i > T t  4-  4 “ r t  i fc^ ----------------------------4- ,by weight  o f  t h e  i c o n s t i t u e n t .
This  i s  v a l i d  i f  can be assumed t h a t  changes in  t h e  a tomic  w av e fu n c t io n s  due
to  m o lecu la r  bonding and chemical  o r  c r y s t a l l i n e  envi ronment a r e  n e g l i g i b l e .
Near an a b s o r p t i o n  edge  however v e ry  l a r g e  e r r o r s  can be observed  cau s in g
v a r i a t i o n s  o f  up t o  a f a c t o r  o f  3 f o r  th e  p h o t o e l e c t r i c  c r o s s - s e c t i o n  above o r
below t h a t  which would be expec ted  by i n t e r p o l a t i o n  o r  e x t r a p o l a t i o n  o f  d a t a  i n t o/
th e s e  ene rgy  r e g io n .
When an X-ray photon i s  absorbed  by an e l e c t r o n  in  t h e  K s h e l l  o f  an atom 
th e  e l e c t r o n  i s  e j e c t e d .  This  i s  e q u i v a l e n t  t o  s p h e r i c a l  waves r a d i a t i n g  from 
th e  atom i n t o  t h e  su r round ing  m a t t e r ,  whenever t h e  waves en c o u n te r  o t h e r  atoms 
i t  w i l l  be p a r t i a l l y  r e f l e c t e d  and w i l l  i n t e r f e r e  with  t h e  o u tg o in g  wave.  This  
r e s u l t s  in an i n i t i a l  s h a rp  a b s o rp t i o n  t h r e s h o l d  co r r e s p o n d in g  t o  t h e  minimum 
energy  r e q u i r e d  to e x c i t e  t h e  K e l e c t r o n .  The s tudy  o f  t h i s  i s  p o s s i b l e  o n ly  
wi th  s y n ch ro t ro n  r a d i a t i o n  (which a l low s  f i n e  t u n e a b i l i t y  in wavelength  and 
ex t rem ely  i n t e n s e  f l u x )  l e a d in g  t o  branch  o f  P hys ics  c a l l e d  e x a f s  (ex tended  x - r a y  
a b s o r p t i o n  f i n e  s t r u c t u r e ) .  The ’’K o s s e l l  s t r u c t u r e ” ( l e s s  t h a n - 30 ev) above t h e  
edge produces  peaks and t r e n c h e s ,  and can occur even fo r  i s o l a t e d  atoms ( P a r r a t  
1939). I t  can be d e s c r ib e d  in t e rm s  o f  low energy  t r a n s i t i o n s  o f  e j e c t e d  
e l e c t r o n s  to  h ig h e r  u n f i l l e d  d i s c r e t e  s t a t e s  o f  atoms or  m o l e c u le s .  Munro (1980) 
showed t h a t  a f t e r  c a r e f u l  p r e p a r a t i o n ’ o f  raw e x a f s  d a t a  such as  background 
s u b t r a c t i o n ,  atomic s c a t t e r i n g  f a c t o r  c o r r e c t i o n s ,  th e  F o u r i e r  t r a n s f o r m  o f  t h e  
a b s o r p t i o n  c o e f f i c i e n t  y i e l d s  peaks a t  t h e  d i s t a n c e s  from th e  a b s o r b in g  (copper )
m tro a u c L io n u n ap te r  i
atcm t o  i t s  n e ighbour ing  atoms
This f i n e  s t r u c t u r e  appea rs  fo r  photon e n e r g i e s  up to  a p p ro x im a te ly  1 .5  keV 
above th e  edges .
in  t r a n s m i s s i o n  CT scann ing  i t  i s  im p o r ta n t  t o  know how pho tons  i n t e r a c t  w i th  
d i f f e r e n t  m a t e r i a l s  with v a ry in g  ene rgy .  The f a c t  t h a t  an X - ray  beam i s
po lych rom at ic  in t h e  h igh  s e n s i t i v i t y  CT d e v ic e s  r e q u i r e s  a g r e a t e r
u n d e r s t a n d in g  o f  photon a t t e n u a t i o n .  The added a t t r a c t i o n  to  t h i s  i s  t h a t  i t
a l low s  an u n d e r s t a n d in g  o f  hand l ing  with  which th e  raw d a t a  has  gone th ro u g h  
by the  r e c o n s t r u c t i o n  program i n  a r r i v i n g  a t  t h e  image.  A ccura te  
i n t e r p r e t a t i o n  o f  X-ray t r a n s m i s s i o n  measurements depends  on t h e  v a l i d i t y  o f  
t h e  mix tu re  r u l e  (which n e g l e c t s  molecula r  and chem ical  e f f e c t s )  whose range  
o f  v a l i d i t y  i s  n o t  w e l l  e s t a b l i s h e d .  L a t e l y  ju./p v a lu e s  have  been 
p a ra m e t r i s e d  f o r  use in  CT scann ing  to  ach ieve  t i s s u e  c h a r a c t e r i s a t i o n  
(McCullough 1975, R uthe r ford  e t  a l .  1976) i n  te rm s  o f  i t s  e l e c t r o n  d e n s i t y  
an d /o r  i t s  e f f e c t i v e  atomic number,  a l though  t h e s e  i n v o l v e  some 
a p p ro x im a t io n s .  With d i f f e r e n c e s  o f  1% o r  l e s s  in jj. b e in g  r e a d i l y
a c h ie v a b le  t h e r e  i s  a g r e a t e r  need now to per form inde p en d en t  measurements  o f  
jUL e s p e c i a l l y  to  d e t e c t  any d i f f e r e n c e s  t h a t  may e x i s t  between normal and 
d i s e a s e d  t i s s u e .  An i n c re a s e d  u n d e r s tan d in g  o f  photon i n t e r a c t i o n  i n  t i s s u e  
w i l l  p ro b ab ly  lead  t o  an o p t i m i s a t i o n  o f  image c o n t r a s t  (w i th  r e s p e c t  to  Jd. o f  
t h e  o b j e c t )  and h e l p  minimise  p a t i e n t  dose .  I t  can a l s o  l e a d  to  a b e t t e r  
fo rm u la t io n  o f  t i s s u e  s u b s t i t u t e s  ( n e c e s s a r y  in d o s i m e t r i c  phantoms,  
r a d io g r a p h i c  t e s t  o b j e c t s ,  e t c . )
1.1 U se fu lness  o f  JJL and Jj/p  va lues  and A p p l i c a t i o n s
With th e  i n c r e a s i n g  use o f  r a d i o i s o t o p e s  in  n u c l e a r  m ed ic ine  and X - rays
I n  th e  f i e l d  o f  e l e c t r o n  microprobe a n a l y s i s ,  . e l e c t r o n s  a r e  bombarded 
i n t o  a t a r g e t  specimen and th e  r e s u l t i n g  f l u o r e s c e n t  r a d i a t i o n  c o n t a i n s  
in fo rm a t io n  on t h e  com posi t ion  o f  the  m a t e r i a l .  B e t t e r  a t t e n u a t i o n  v a lu e s  
w i l l  improve t h e  q u a n t i t a t i v e  acc u racy  o f  t h e  t e c h n iq u e  where photon  s e l f  
a b s o r p t i o n  c o r r e c t i o n s  a r e  n e c e s s a r y .  I t  w i l l  a l s o  be u s e f u l  in  c r y s t a l  
s t r u c t u r e  a n a l y s i s  where t h e  s t r u c t u r e  o f  complex molecu les  p r o j e c t  d i f f e r i n g  
i n t e n s i t i e s  o f  spo ts  on a d i f f r a c t i o n  p a t t e r n ;  however t h e s e  i n t e n s i t i e s  must 
be c o r r e c t e d  f o r  s e l f - a b s o r p t i o n ,  so t h a t  p  v a lu e s  a f f e c t  t h e  a c c u ra c y  o f  t h e  
method.
1 2 Approach to  Measurements
A t t e n u a t io n  i n s i d e  a un iform ab s o rb e r  i s  given by 
I  = I o  * exp[-JLl x] 
where Io  and I  a r e  th e  i n c i d e n t  and t r a n s m i t t e d  photon i n t e n s i t i e s  
o f  th e  same e n e r g i e s ,  x i s  th e  pa th  l e n g th  and i s  the  l i n e a r  
a t t e n u a t i o n  c o e f f i c i e n t  o f  the  a b s o r b e r .  T h e re fo re  
JX = 2 - l n C l o ]  
x I
This  t r a n s m i s s i o n  law assumes
a)  Homogeneity o f  abso rber
b) Col l ima ted  beam,
c) Col l ima ted  d e t e c t o r  ( i . e .  t h e  d e t e c t o r  o n ly  s e e s  t h e  pho tons
t h a t  have undergone no i n t e r a c t i o n ,  o r  t h e  
Rayle igh  s c a t t e r e d  pho tons  t h a t  have undergone no 
change in d i r e c t i o n ) .
d) The i n c i d e n t  and t h e  d e t e c t e d  photons  a r e  m onoenerge t ic  a t
energy  E.
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Most o f  the  e a r l i e r  workers used Geiger -M ul le r  c o u l t e r s  f o r  t h e  d e t e c t i o n  
o f  gamma rays  b u t  t h e i r  main d i s a d v a n ta g e  a re  low e f f i c i e n c y  and i n s e n s i t i v i t y  
to ene rgy  v a r i a t i o n s ,  Colga te  (1952) was t h e  f i r s t  t o  employ an energy  
s e l e c t i v e  s c i n t i l l a t i o n  d e t e c t o r  bu t  t h i s  lacked  r e s o l u t i o n ,  and so r e q u i r e d  a 
c o r r e c t i o n  f o r  low energy  U*'s inc luded  in t h e  h igh  energy  peaks o f  a Co60 
s o u r c e .
In any t r a n s m is s i o n  measurements,  i t  must be in s u re d  t h a t  s c a t t e r e d  
r a d i a t i o n  i s  min imised ,  (due to  Compton s c a t t e r e d  r a d i a t i o n ,  a n n h i l a t i o n  
r a d i a t i o n ,  b r e m s s t r a h l m g  from secondary  e l e c t r o n s  s c a t t e r i n g  from nearby  
o b j e c t s  o r  from i n s i d e  t h e  a b s o rb e r  i t s e l f ) ,  produced a t  such an a n g l e  so as  
to  be a b l e  t o  r eac h  th e  d e t e c t o r .  There a r e  two ways to p r e v e n t  t h i s ;
( i )  Use l a r g e  d i s t a n c e s  between s o u rc e ,  a b s o r b e r ,  d e t e c t o r  
and s u r round ing  o b j e c t s .
& ( i i )  Use l a r g e  amounts o f  lead  ( o r  s h i e l d i n g  m a t e r i a l )  around 
source  and d e t e c t o r  so th e  amount a v a i l a b l e  f o r  s c a t t e r i n g  
from o b j e c t s  in t h e  room i s  reduced .
The secondary  r a d i a t i o n  produced i n s i d e  t h e  a b s o r b e r  i s  much more 
d i f f i c u l t  to e l i m i n a t e  from th e  measurement,  and i s  minimised o r  c a l c u l a t e d  
and s u b t r a c t e d  from o b s e r v a t i o n s .
1 2.1 The Energy Window
?
T h i s  s e c t i o n  i s  in c luded  f o r  com le teness  r a t h e r  t h a n  o f  a n e c e s s i t y  
fo r  t h e  work o f  t h i s  t h e s i s .  As a s t a n d a rd  r a d i o i s o t o p e  i s  used h e r e  t h e  
e n e r g i e s  o f  a l l  t h e  peaks a re  f a i r l y  w el l  known and t h e  b ro a d e n in g  o f  peaks 
a r e  m a in ly  due to  t h e  e l e c t r o n i c s  o f  measurements.
In o rde r  t o  s ecu re  adequa te  i n t e n s i t i e s  o f  pho tons ,  an  x - r a y  tube  i s  
used as  t h e  sou rce  and a c r y s t a l  s p e c t ro m e te r  ( p r e f e r a b l y  w i th  two 
c r y s t a l s )  en s u re s  t h a t  a monochromatic beam i s  seen by th e  d e t e c t o r .  Also 
i s o l a t e d  p o r t i o n s  o f  t h e  con t inuous  spec t rum a t  any p o i n t ,  can be used 
i n c lu d i n g  th e  c h a r a c t e r i s t i c  l i n e  o f  t h e  t a r g e t  e l e m e n t .  However t h e  
psuedo-monochromatic i ty  t h u s  produced depends on t h e  d e g re e  o f  c o l l i m a t i o n .  
I f  we can assume th e  t r a n s m i t t e d  beam t o  be a d e l t a  f u n c t i o n ,  th e n  i t s  FWHM 
f o l lo w s  an i n v e r s e  r e l a t i o n s h i p  t o  t h e  i n t e n s i t y .  Greening  (1973) has 
sugges ted  though t h a t  t h i s  does n o t  imply th e  need f o r  a h ig h  deg ree  o f  
monochrom atic i ty  fo r  a c c u r a t e  a t t e n u a t i o n  measurements,  becuasje t o  a 
c e r t a i n  degree  t h e  d e t e c t i o n  system can be made t o  r e c o rd  o n ly  t h a t  p o r t i o n  
o f  th e  r a d i a t i o n  whose energy  f a l l s  w i th in  t h e  narrow ene rgy  band d e s i r e d .  
In t h e  i d e a l i s e d  s i t u a t i o n ,
W(E-Eo) = S(E-Eo) 
where S(E-Eo) i s  th e  D irac  d e l t a  f u n c t i o n .
But t h i s  i s  n o t  t h e  c a s e  and in f a c t
where o  i s  t h e  FWHM, so th e  r e s o l v i n g  power o f  th e  spec t rum  i s  
R = Eo 
a
I f  the  i n c i d e n t  spec trum may be cons ide red  f l a t  over t h e  r e g io n  
where W(E-Eo) >> 0,  then  t h e  u n a t t e n u a t e d  i n t e n s i t y  
Io(Eo)  = K. f  W(E-Eo). dE
W ( E - E o ) =  1 . e x p [ ( E - E o f  3
o
and t h e  a t t e n u a t e d  i n t e n s i t y  i s
I (Eo)  = K. r(E) W(E-Eo) dE
'o
where T(E) i s  a t r a n s m i s s i o n  f u n c t i o n  o f  the  a b s o r b e r
i  e T(E) = expC^Ix] = I o ( E ) / I ( E ) .
t h e r e f o r e
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rW(E-Eo) dE■/Ax = I n  ___ _________________
T ( E ) . W(E-Eo) dE
This e q u a t io n  can be solved  e x a c t l y  i f  W(E-Eo) i s  a D i r a c  6 - d e l t a
f u n c t i o n .  But t h i s  d i s c u s s i o n  e r r s  i n  p r i n c i p l e ,  because  t h e  window
f u n c t i o n  f o r  say  a two c r y s t a l  s p e c t ro m e te r  should  be w r i t t e n  as  a p roduc t
o f  two f u n c t i o n s ,  one fo r  each c r y s t a l .  I f  t h i s  i s  done and an a b s o r b e r  i s
p laced  between t h e  c r y s t a l s  the n  th e  e f f e c t i v e  window f u n c t i o n  d i f f e r s
from what i t  was w i thou t  th e  a b s o rb e r  i n  p l a c e .  But f a r  from an a b s o r p t i o n  
n
edge where the  r e s o l v i n g  power req u i re m en ts  a r e  so sm a l l  t h a t  t h e
c o r r e c t i o n s  o f  th e  window fu n c t i o n  over a l a r g e  range  would have l i t t l e  
e f f e c t .  Then t h e  above equ a t io n  can be expanded in  a Taylor  s e r i e s  about  
Eo. An e x p re s s io n  i s  then  o b ta in e d  f o r  t h e  e r r o r  caused  in  m easu r ing  Jk by 
t h e  f a c t  t h a t  W i s  not  a d e l t a  f u n c t i o n .
The value o f  jjl however i s  a l s o  dependent  on t h e  p h y s i c a l  and chem ica l  
s t a t e  o f  the  a b s o rb e r  i n c lu d in g  u n i fo rm i ty  and th e  p r e s e n c e  o f  i m p u r i t i e s .
1 2 .2  Chemical P u r i t y .
Because o f  t h e  h ig h  Z and E dependence on t h e  p h o t o e l e c t r i c  
i n t e r a c t i o n  a t  low e n e r g i e s ,  i t  becomes i n c r e a s i n g l y  im p o r ta n t  t o  know t h e  
e l e m e n ta l  composi t ion  o f  th e  sample.
The measured mass a t t e n u a t i o n  c o e f f i c i e n t  can be w r i t t e n  as
j-  11 ui wu uv; iixuil u n a p te r  i r a g e  cs
wK«f<. x repmsnls <aJj*ofk-ef,
« hc)L j ' s  C ^ u r i f . e s .
k\«. ^-tre*’ i*«.rr . r  ;•> (MjP), V ^ "  W
Where Wj i s  the  mass f r a c t i o n  o f  the  j ' t h  i m p u r i ty  and [ i t s  mass 
a t t e n u a t i o n  c o e f f i c i e n t .  A s u f f i c i e n t l y  a c c u r a t e  chem ica l  a n a l y s i s  can 
p rov ide  th e  value  o f  o f  t h e  a b s o rb e r  u s i n g  th e  m ix tu re  r u l e .
D ep a r tu re s  from t h i s  r u l e  f a r  away from an a b s o r p t i o n  edge a re  l i k e l y  t o  be 
so smal l  t h a t  i t  may be  f r e e l y  used.
1 . 2 . 3  U niformi ty
The d i s t r i b u t i o n  o f  v a r i a t i o n  in  t h e  sample t h i c k n e s s  can be w r i t t e n
as
t  = t o  + £ ( x , y )  where t o  = mean t h i c k n e s s
t h e r e f o r e 0
At t h e  p o s i t i o n  (x ,y )
I (x  , y) = Io . e x p E ^ U . ( to  + € (x , y ) )]
-L ntroauction u n ap te r  i r a g e  ^
So JL 1 . l n [  Io  ]
t o  +£(x y) [ I ( x , y ) 3
To a f i r s t  approx im ation
i
where £  i s  t h e  f r a c t i o n a l  r o o t
mean square  t h i c k n e s s  v a r i a t i o n .
So i f  £ can be bounded to  4% then  e r r o r s ,  no  l a r g e r  th a n
0.1% w i l l  be in t ro d u c e d .
1.3  A t t e n u a t i o n  in  Gases
Because o f  the  c o m p r e s s i b i l i t y  o f  ga se s  i t  i s  im p o r ta n t  t o  measure i t s  
d e n s i t y  a c c u r a t e l y  f o r  mass a b s o r p t i o n  d e t e r m i n a t i o n .  As t h e  a t t e n u a t i o n  per  
u n i t  p a th  l e n g th  i s  o f  the  o rd e r  o f  th ousands  o f  t imes l e s s  th a n  f o r  l i q u i d s  
or s o l i d s  i t  i s  a l so  n e c e ss a ry  to use  t h e  l a r g e s t  p o s s i b l e  pa th  l e n g t h s  so 
t h a t  h i g h  enough t r a n s m is s i o n  r a t i o s  a r e  o b t a in e d  fo r  good s t a t i s t i c s ,  ( s e e  
Appendix A).
The Mass Absorp t ion C o e f f i c i e n t  i s  given by th e  e q u a t io n  
p.  = l n ( I o / I )
where I o  and I  a r e  t h e  o r i g i n a l  and t r a n s m i t t e d  i n t e n s i t y
t  i s  t h e  photon pa th  l e n g th  in a b s o r b e r ,  and j> i s  i t s  
d e n s i t y
Assuming hea ted  mercury to behave as a p e r f e c t  gas t h e  gas law i s
PV = m.RT 
M
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/ t v io l)  * I s  o f  ) X C 1^ /  w 3
** M  J /K I * d ) *  T  (k) *o-7(, (m)
u)V«et* s P<estw«- * \oV,3lS fcl/w*
^  =• Gas ConsfcttKt- *■ ^ IK-!«*aoC .
f c . T .  ( o - 7 t )
•. u  _ 0*7fe.
1 .4  A t t e n u a t i o n  I n s i d e  a C r y s t a l l i n e  S t r u c t u r e .
The s u p e r p o s i t i o n  o f  waves s c a t t e r e d  by i n d i v i d u a l  atoms i n s i d e  t h e
atoms o f  a c r y s t a l  superpose  in c e r t a i n  d i r e c t i o n s  from th e  c r y s t a l s  b u t  annul  
one an o th e r  in  o th e r  d i r e c t i o n s .  The i n t e n s i t y  in any d i r e c t i o n  depends  on 
whether o r  no t  th e  i n d i v i d u a l  s c a t t e r e d  waves a r e  in  phase o r  n o t .
For  atoms a r ranged u n i fo rm ly  in p a r a l l e l  p l a n e s ,  which i s  t h e  c a s e  in  a 
c r y s t a l ,  i f  a beam of  X-rays  i s  i n c i d e n t  a t  a g r a z i n g  a n g l e ,  © t o  t h e  
s u r f a c e  then t h e  c o n d i t i o n  f o r  r e in fo rc e m e n t  i s
n 'X  = 2 .d .S in (& )  where % i s  th e  X-ray  waveleng th
o f  wavelengths  in  t h e  d i f f e r e n c e  in  pa th  f o r  waves from s u c c e s s i v e  
d i f f r a c t i n g  p lanes
I n t e n s i t y  measurements fo r  d i f f e r e n t  ©’ s can be c a r r i e d  o u t  u s i n g  a 
d i f f r a c t o m e t e r  ( C .B a r r e t  and T .B .M assa lsk i  1980) and a t y p i c a l  graph  i s  shown '
c r y s t a l  r e s u l t s  in  ’c r y s t a l  d i f f r a c t i o n 1. The waves t h a t  r a d i a t e  from t h e
d i s  t h e  i n t e r p l a n a r  s p a c in g  and
n i s  an i n t e g e r  known as t h e  o rd e r
o f  d i f f r a c t i o n  which g iv e s  t h e  number
1,
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i n  f i g .  1 2.  I t  i s  o f  i n t e r e s t  t o  no te  how we can e x p ec t  t h e  v a r i a t i o n  o f  jU.
!
f o r  a c r y s t a l  to occu r .  Looking a t  t h e  t r a n s m i t t e d  i n t e n s i t y  ( i n s t e a d  o f  
d i f f r a c t e d ) ,  we expec t  a graph t h a t  i s  complementary ( i . e .  t r e n c h e s  i n s t e a d  
o f  peaks) .  These t r e n c h e s  a r e  t h e  r e s u l t  o f  th e  a l l i g n m e n t  o f  v a r io u s  atomic 
p la n e s  w i th  t h e  i n c i d e n t  beam of X-rays  s a t i s f y i n g  the  Bragg c o n d i t i o n ,  a t  
t h i s  p o i n t ,  t h e  maximun anount o f  d i f f r a c t i o n  would occur f o r  t h a t  p l a n e  and 
so t h e  d e t e c t o r ,  in tended  fo r  t r a n s m i t t e d  beam, would see fewer t r a n s m i t t e d  
pho tons .  Hence as  t h e  t r a n s m i s s i o n  r a t i o  ( I o / I )  changes so would t h e  va lue  
o f / I .
1 5 Compi la t ion  o f  Simple F i t s
From very  e a r l y  expe r im en ta l  work on x r a y  a t t e n u a t i o n  i t  was n o t i c e d
t h a t  t o  a f i r s t  approx im at ion  th e  r e l a t i o n s h i p  o f  j x  vs E i s  l i n e a r  on a
l o g - l o g  s c a l e .  Even though t h i s  i s  n o t  j u s t i f i e d  s in c e  s e v e r a l  independen t  
p ro c e s s e s  a r e  i n v o lv e d ,  Bragg and P i e r c e  (1914) gave t h e  r e l a t i o n
(Xt* = C z \
and Owen (1918) o b ta in e d
}X/p = C Z ° ^
and t h i s  i s  now commonly known as t h e  Bragg-Owen Law.
J . J .  Thanson (1906) ,  de  B rog l i e  (1922) and Kramers (1923) gave
t h e  p h o t o e l e c t r i c  v a r i a t i o n  t o  be o f  the  form 
*X ©< Z a  b u t  t h e y  a l l  d i s a g r e e d  on t h e  v a lues  o f  t h e
p r o p o r t i o n a l i t y  c o n s t a n t  and i t  was H a l l  and Rice (191b)
who claimed t h a t  i t  to o  was a f u n c t i o n  o f  Z.
t h e r e f o r e  M = C Z A + and t h i s  was what
e r
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workers  in  t h e  1920’s and 
30 ’ s u sed ,  b u t  d i s ­
ag reed  on t h e  va lu e s  
o f  A, B and C.
I t  was a l s o  n o t i c e d  t h a t  va lue  o f  t h e s e  p a ra m e te r s  need n o t  be 
i n t e g e r s .  Allen (1926) p o in t e d  out  t h a t  t h e  s c a t t e r i n g  component i s  
n o t  known to an acc u racy  t h a t  d i f f e r e n t i a t e s  t h e  d i f f e r e n c e s  
between t h e  v a r i o u s  formulae.
R G. Spencer  (1931) did measurements u s i n g  argon  gas on e i t h e r  
s i d e  o f  th e  a b s o r p t i o n  edge  and gave t h e  r e l a t i o n s h i p  
£ = 3 3 . 9 * 7q fo r  < XK
p
= 3 . 3 9 ' ^ ' 7’  to r'h K< Tv < ' X L
Cuykendal l  (1936) f i t t e d  h i s  own measured da ta  o f  th e  
p h o t o e l e c t r i c  c ro s s  s e c t i o n  t o  a f u n c t i o n  o f  th e  form
■* ev
K Z'K ( where p and q a re  a l s o  f u n c t i o n s  o f  Z and E ) .
V ic to re en  (1943 ,1948,1949)  used t h e  th e n  a v a i l a b l e  e x p e r im e n ta l
d a t a  on t h e  p h o t o e l e c t r i c  c r o s s - s e c t i o n  t o  f i t  t o
T = x l .Z ' J?  ( 2 Z . ) x 2 . 1*K {2 1 . ) where x1 and x2 a r e  
p A A f u n c t i o n s  o f  Z and
change a t  edges
so t h a t  = I  + 40|tiJ.N 1
p  P * A
where i s  t h e  K le in -N is h in a  (1929) p r e d i c t e d  Compton c r o s s - s e c t i o n
Leroux (1961) proposed t h a t  
Ml = C ( Z ) . 7 i
( ? 1
and H e in r ic h  (1966) t a b u l a t e d  C(Z) and n f o r  each  o f  t h e  e l e m e n t s .
Because o f  the  l a c k  of l i n e a r i t y  a t  low e n e r g i e s  V iegele  (1970) 
n .
uses l n ( r )  = (X^ClnCE)]4. and n = 3 f o r  E>Ek
1 f o r  E<Ek
f o r  t h o s e  p h o t o e l e c t r i c  d a t a  t h a t  were p rep a red  
o r  d i r e c t l y  measured.
McCullough (1975) c o n c e n t r a t e d  on o b t a i n i n g  an e m p i r i c a l  f i t
j.n broauux/ion  u n a p u er  i r a g e  e.'y
t o  i n t e r a c t i o n  c r o s s - s e c t i o n s  in  t h e  d i a g n o s t i c  ene rgy  r e g i o n .
To H ubbe l l s  (1969) d a ta  he o b ta in e d  te rm s  f o r  a l l  t h r e e  in de penden t  
p r o c e s s e s  and quoted them t o  be
<5^  2.1 ° E ' ^ -for
^  ^  2.^’* £ " V 1 -f©r (>K oto -eV «ctfit € ^ « c t
& G'*’ <=< exp[-0.0028CE-30)  ] f o r  the  e l e t r o n i c  Compton e f f e c t .
P h e lp s ,  e t  a l .  (1975) p a r a m e t r i s e d  fL f o r  a g iven t i s s u e  m a t e r i a l  
from t h e i r  o b s e r v a t i o n s  and o b ta in e d
A *  = L  Ai expC-Bi .E]L
As a r e s u l t  o f  the  a u t h o r s  own work t h e  p h o t o e l e c t r i c  c r o s s  
s e c t i o n  was f i t t e d  to V e ige le*s  d a t a  f o r  t h e  ene rgy  r e g io n  
10<=E<=100 Kev and 1<=Z<=20 and th e  e x p re s s io n  o b ta in e d  was
X  = c(E z) *  f r = i  - ' - e "
The va lue  o f  C(E,Z) ranged from 21 a t  10 Kev and Z=1 to
5 a t  60 Kev and Z=1 9 The average va lue  was 10 .2 .
This e x p re s s io n  s t i l l  l e d  to  a d i f f e r e n c e  o f  almost  10% a t  some e n e r g i e s  
f o r  some va lues  o f  Z. I t  i s  g e n e r a l l y  accep ted  t h a t  t h i s  ty p e  o f  e x p r e s s i o n  
i s  very  l i m i t e d  to  i t s  a r e a  o f  a p p l i c a t i o n ,  and any t h a t  a r e  nowadays quoted 
or  c a l c u l a t e d  on t h e  b a s i s  o f  a s t a n d a rd  m a t e r i a l  and a s t a n d a r d  e n e rg y .  The 
. f u r t h e r  one works away from t h i s  s t a n d a r d  Z & E t h e  g r e a t e r  t h e  e r r o r s  a r e  
l i k e l y  to  be.  A more a c c u r a t e  f i t  ha s  been made by th e  a u t h o r  by c o n s i d e r i n g  
th e  t h r e e  p ro c e s s e s  s e p a r a t e l y  and th e  r e s u l t s  a r e  p r e s e n t e d  in Appendix B. 
However, th roughou t  t h e  p r e s e n t  work th e  f i t  t h a t  has  been used  has  been t h a t  
o f  Jackson and Hawkes (1981) s in c e  t h i s  l e d  to  an average  e r r o r  o f  o n ly  about  
0.3% a c ro s s  t h e  d i a g n o s t i c  Z & E r e g io n .
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3* H i s t o r y  Of | i  Measurements
The development o f  JUL t h e o ry  has been very  dependent  upon t h e  a s s o c i a t e d  
atomic models and t h e i r  u n d e r ly i n g  assumptions  and l i m i t a t i o n s .
The measurement o f  jUL has  a t t r a c t e d  t h e  s e m i - t h e o r e t i c a l  approach whereby H 
va lues  o f  i n d i v i d u a l  c o n s t i t u e n t s  o f  the  t o t a l  JJL may be  i n f e r r e d  by t h e  u se  o f  
s imple t h e o r y .  F o r  example,  s u b t r a c t i o n  o f  t h e  K le in -N is h in a  (1929) s c a t t e r  
c ross  s e c t i o n  w i l l  a l lo w  t h e  p h o t o - e l e c t r i c  a t t e n u a t i o n  c o e f f i c i e n t  t o  be 
determined  from th e  t o t a l  fL p rov ided  t h a t  o t h e r  e f f e c t s  ( e l e c t r o n  b in d in g  ene rgy ,  
e l a s t i c  s c a t t e r i n g )  a re  ig no red ,  o r  taken i n t o  a cc o u n t .  This  approach has  been a 
f e a t u r e  o f  th e  many c o m p i la t io n s  and compar isons  o f  d a t a  between v a r io u s  a u t h o r s .  
Experimenta l  c o n s t r a i n t s  have u s u a l l y  l i m i t e d  th e  range  of  d a t a  c o l l e c t e d  in an 
i n d i v i d u a l  p ie c e  o f  work and e x t r a p o l a t i o n  t o  o t h e r  c o n d i t i o n s  has o f t e n  been 
c a r r i e d  out  w i th  l i m i t e d  j u s t i f i c a t i o n .
A b r i e f  survey  on e a r l y  e x p e r i m e n t a t i o n ,  e x t r a p o l a t i o n  and f i t s ,  and
c o m p i la t io n s  now fo l lo w  along with t h e i r  weaknesses p o in t ed  out  . The f i r s t  d e a l s
with  t h e  p e r io d  u n t i l  1960 and conc ludes  w i th  a t a b l e  l i s t i n g  t h e  more im p o r ta n t
c o n t r i b u t i o n s .  The second s e c t i o n  i s  concerned  with  t h e  p e r io d  from 1960 t o  th e
p r e s e n t .  The cho ice  o f  1960 i s  main ly  a r b i t r a r y  a l though  s i g n i f i c a n t
r
improvements in  i n s t r u m e n t a t i o n  and te c h n iq u e s  occu^ed soon a f t e r . v
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3..1 E a r l y  Exper imen tal  Techniques
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F lu o re s cen c e  r a d i a t i o n  from v a r io u s  e lements  was used  by Barkla and 
S a d le r  (1909) t o  measure jUL f o r  aluminium i n  a b s o lu t e  t e rm s  and o f  s e v e r a l  
o t h e r  e lements  r e l a t i v e  to t h i s .
X-ray homogeneity in te rm s  o f  i t s  w ave leng th ,  W. H. and W.L. Bragg 
(1913),  u s ing  the  Bragg c r y s t a l  s p e c t ro m e te r  a l lowed  t h e  g e n e r a t i o n  o f  a much 
more monochromatic beam than  b e f o r e .
Improvments in  d e t e c t o r  i n s t r u m e n t a t i o n  came with  t h e  r e p la cem e n t  o f
i o n i z a t i o n  charrber by t h e  gas p r o p o r t i o n a l  c o u n t e r s  and s c i n t i l l a t i o n
d e t e c t o r s  and f i n a l l y  wi th sem iconduc to rs .  The r e s o l u t i o n  o f  sem iconduc to r
d e t e c t o r s  i s  a g r e a t  improvement on any prev ious  types  and i s  w e l l  documented
v<i7q
in o th e r  r e f e r e n c e s  (K nol l .  P r i c e ,  e t c . )
A
Improvements in t e chno logy  did no t  always b r i n g  a c o n s i s t e n t  improvement 
to  t h e  value o f  JU. de termined .  F i g . 2.1 show, th e  r a t i o  o f  a t t e n u a t i o n  
c o e f f i c i e n t  f o r  t h e  8 .04  keV Cu K* emiss ion  l i n e  f o r  carbon and aluminium 
measured over t h e  y e a r s  compared to  th e  t h e o r e t i c a l  ( s e e  l a t e r )  Storm and 
I s r a e l ’ s (1970) d a t a .  And a s i m i l a r  t r e n d  too  can be d i s c e r n e d  f o r  o t h e r  
h ig h e r  energy  r e g i o n s .  But a f t e r  1970 a c c u r a t e  measurements  have  been 
conducted by M i l l a r  and Greening (1973),  Rao and Gregg (1975) ,  Phe lps  e t . a l .  
(1975) ,  McCUllough (1975) ,  White (1977),  and o t h e r s  u s in g  d i r e c t  t r a n s  m is s io n  
method t e c h n i q u e s ,  o r  by measurements on t i s s u e  e q u i v a l e n t  m a t e r i a l s  i n s i d e  
t h e  body s c a n n e r .
Comparison o f  exper iments  c a r r i e d  ou t  in  t h e  f i r s t  q u a r t e r  o f  t h i s  
c e n t u r y  with those  o f  more r e c e n t  work d i s p l a y  a t r e n d  o f  h ig h e r  s y s t e m a t i c
1920 1960
Year
R _ jj(exp-) 
JJ(S/I)
Cu = 8 .04  K ev
F i g . 2 .1 .  Comparison o f  measured d a t a  w i th  Storm and I s r a e l ' s  (1970) 
a g a i n s t  t h e  y e a r  o f  measurement.
e r r o r ,  (M i l l a r  1973).  The most l i k e l y  cause o f  t h i s  i s  sample im p u r i ty ,  l a c k
i
of c o n s ta n c y  in X-ray  tu b e  o u tp u t ,  narrow beam geometry,  and t h e  s e n s i t i v i t y  
l i m i t a t i o n s  and ene rgy  window e r r o r s  o f  i o n i z a t i o n  chamber d e t e c t o r s .
The s u b s t a n t i a l  lo s s  o f  i n t e n s i t y  due t o  c o l l i m a t i o n  o f  f l u o r e s c e n c e  
r a d i a t i o n ,  and r e f l e c t i o n  from a c r y s t a l  c r e a t e d  a s e t b a c k  fo r  a c c u r a t e  
measurements .  The use o f  Ross f i l t e r s  ( C a l l i s e n ,  1937) a l l e v i a t e d  t h i s  
problem t o  some e x t e n t .  Using two t r a n s m is s i o n  f i l t e r s  whose atomic  numbers 
a r e  a d j a c e n t  (Za-Zb)=1 we can assume t h a t  in  t h e  reg io n  on e i t h e r  s i d e  o f  t h e  
a b s o r p t i o n  e d g e s , th e  mass a t t e n u a t i o n  c o e f f e c i e n t  a r e  a p p ro x im a te ly
e q u a l ,  b u t  a re  v e ry  d i f f e r e n t  between them and hence c r e a t i n g  a fp a s s - b a n d ! 
between them. The width o f  t h i s  band be ing  th e  d i f f e r e n c e  between t h e  two 
elements  K s h e l l ' s  i o n i s a t i o n  e n e r g i e s .  Hence, th e  d i f f e r e n c e  in  observed  
i n t e n s i t i e s  w i th  each f i l t e r  p l a c e d  s e p a r a t e l y  in t h e  beam w i l l  be due to  
e n e r g i e s  in  t h e  band ( i  e I a - I b  E ( b a n d - p a s s ) )
In ano the r  t e c h n iq u e  (K ustner ,  1939) a f i l t e r ,  whose t h i c k n e s s  i s  such 
t h a t  th e  i n t e n s i t y  of the  i n c i d e n t  r a d i a t i o n  i s  a t t e n u a t e d  to  a few p e r  c e n t  
o f  i t s  o r i g i n a l  va lue ,  i s  p laced b e fo re  and a f t e r  t h e  f l u o r e s c e n t  m a t e r i a l .  
The two p o s i t i o n s  r e s u l t  in  a s i m i l a r  c o n t in u o u s  f i l t e r e d  s pec t rum ,  b u t  t h e  
d i f f e r e n c e s  in c h a r a c t e r i s t i c  r a d i a t i o n  i s  much g r e a t e r  and t h i s  i s  used  as a 
monochromatic sou rce  by a s u b t r a c t i o n  method.
The c r i t i c i s m  of the  Ross method i s  t h a t  i t  a l lo w s  a l l  e n e r g i e s  w i t h i n  a
band to  p as s  and t h i s  can be a l a r g e  range sometimes.  The Kustner  t e c h n i q u e ,
though b e t t e r  i s  s t i l l  n o t  as good as c r y s t a l  d i f f r a c t i o n  and i t  assumes t h a t
Compton s c a t t e r i n g  can be d i s r e g a r d e d .  The n e c e s s i t y  fo r  good c o l l i m a t i o n ,
e s p e c i a l l y  in f i l t e r  t e c h n iq u e s  f u r t h e r  reduces  t h e  i n t e n s i t y ,  such t h a t  t h e
advan tages  gained  by monochromatic i ty  i s  l o s t  in  c o l l i m a t i o n .  Another
e
drawback i s  t h a t  t h e  measurements compare d i f f e r e n c e s  between two l a r g e
A
q u a n t i t i e s ,  and t h i s  l e a d s  to  l a r g e r  u n c e r t a i n t i e s .
S .
So what i s  needed i s  improvements i n  d e t e c t o r  s e n s i t i v i t y .  S c i n t i l l a t i o n  
and p r o p o r t i o n a l  c o u n t e r s  have th e  advan tage  t h a t  t h e i r  r e s p o n s e  i s  energy  
dependent  and so th e  ' g a t i n g '  o f  th e  o u t p u t  p u l s e  can be ac h i e v e d .  I t  was n o t  
u n t i l  t h e  advent  o f  improved d e t e c t o r s  w i th  ene rgy  d i s c r i m i n a t i o n  t h a t  
s i g n i f i c a n t  improvements were made e n a b l in g  f a c t o r s  such as Compton s c a t t e r i n g  
and h ig h e r  o rd e r  c r y s t a l  d i f f r a c t i o n  e f f e c t s  t o  be r e j e c t e d .
a .  1.1 Pre-1960
One o f  th e  e a r l i e s t  co m p i la t io n  o f  JU was t h a t  o f  Jonsson (1927) who 
assembled t h e  then  a v a i l a b l e  e x p e r im en ta l  d a ta  over t h e  range  1-122 keV, 
s u b t r a c t e d  t h e  t h e o r e t i c a l  s c a t t e r i n g  c r o s s - s e c t i o n  and f i t t e d  t h e  
remain ing  p h o t o - e l e c t r i c  a b s o r p t i o n  w i th  a s imple  e m p i r i c a l  fo rm u la .  He 
proposed a u n i v e r s a l  formula based on t h e  average  a b s o r p t i o n / e l e c t r o n .
T. R. Cuykendal l  (1936) measured t h e  a b s o r p t i o n  o f  X - rays  f o r  e n e r g i e s  
82 < E < 250 keV u s in g  a 600 KVp X-ray  sou rce  and a two c r y s t a l
spec t rom e te r .  The abso rbe rs  used were C,Na> A1,S, K.Ni and Cu. The e r r o r  
in  E was e s t im a te d  to be 2% and th e  r e s u l t s  were compared with  e a r l i e r  
measurements (Read & L a u r i t s e n  193*1, Hahn 193*1. Chao 1930). I t  was assumed 
t h a t  t h e  p h o t o e l e c t r i c  a b s o r p t i o n  c o e f f i c i e n t  v a r i a t i o n  i s  fo l lowed  by t h e
T Alaw t (  p.e )= KZ .“X  and t h a t  t h e  t o t a l  atomic  a b s o r p t i o n  c o e f f i c i e n t  was t h e  
sum of t h i s  p l u s  t h e  K l e i n -  N ish ina  p r e d i c t e d  s c a t t e r i n g  a b s o r p t i o n  
c o e f f i c i e n t .  T he re fo re  by measur ing the  t o t a l  l i n e a r  a t t e n u a t i o n  
c o e f f i c i e n t ,  the  v a l i d i t y  of  t h e  K l e i n -  N ish ina  formula  was t e s t e d  f o r  
ca rbon .  But the  value  were always u n d e re s t im a te d  a t  low e n e r g i e s ,  (between
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5-10 %) b u t  no e x p l a n a t i o n  was g iven .  But t h i s  i s  p r o b a b ly  due t o  th e
absence  o f  t h e  i n c o h e r e n t  s c a t t e r i n g  fu n c t i o n  S (q ,Z ) ,  which computes f o r
t h e  f a c t  t h a t  t h e  e l e c t r o n  i s  n o t  f r e e  b u t  moving w i th i n  t h e  p o t e n t i a l  o f  
t h e  n u c leu s  account  a t  a l l , and would d e f i n a t e l y  a f f e c t  r e s u l t s  a t  t h i s  
ene rgy  range  .
In  a paper  w r i t t e n  by V ic to re en  (1949) i t  was s t a t e d  t h a t  t h e  mass
3 4a b s o r p t i o n  c o e f f i c i e n t  can be r e p r e s e n t e d  by Ji /p = -  D#h + tCM*N#Z/A
*
where ' h  i s  in  A .Cr i s  t h e  K l ie n -N is h in a  (1929) c r o s s - s e c t i o n .  The va lue  o f
C and D a r e  l i s t e d  fo r  1<=Z<=96 and the  formula  i s  a p p l i c a b l e  f o r  E>Ek , C
and D a r e  d i f f e r e n t  fo r  a l l  e lements  and a c c u racy  i s  o b t a i n e d  o n ly  a t  
h ig h e r  e n e r g i e s  ( ,>80 keV),  o the rw ise  i t  i s  always u n d e r e s t i m a t e d ,  
sometimes by  as much as 20%.
Colga te  (1952) us ing  a range o f  gamma e m i t t e r s  w i th  e n e r g i e s -  between 
100 keV t o  3 MeV made a b s o rp t i o n  measurements fo r  a range  o f  a b s o r b e r s  from
hydrogen to  uranium. A Nal c r y s t a l  d e t e c t o r  was used and t h e  s o u rc e s  used
were Au198 (0.411 MeV), Cs137 (0 .663  MeV), Co60 (1 .33  MeV) and ThC ( 2 .6 2  
MeV). The source  s t r e n g t h  o f  10 mCi produced h igh  co u n t in g  r a t e s  w i th  low 
s t a t i s t i c a l  e r r o r .  The p o s i t i o n a l  dependence o f  abso rb e r  and s o u rce  and
a l so  th e  e f f e c t  o f  c o l l i m a t o r s  was examined. Because o f  t h e  poor  ene rgy
r e s o l u t i o n  o f  the  d e t e c t o r ,  s c a t t e r e d  r a d i a t i o n  (Compton and Coherent )  may
s t i l l  be counted in  t h e  t r a n s m i t t e d  beam. Colga te  (1952) al lowed f o r  t h i s  
by h i s  s t u d i e s  on a b s o rb e r  and source  p o s i t i o n  and c o l l i m a t o r s .
Allen (1957) covered  a range  o f  0 .28-248 keV i n  a c o l l e c t i o n  o f
e x p e r im en ta l  and i n t e r p o l a t e d  d a t a .  However t h e s e  were weigh ted  and
averaged  o b s e r v a t i o n s  from va r io u s  sources  i n c l u d i n g  h i s  own.
Bearden (1960) working with low and medium Z range  a b s o r b e r s  f o r  t h e
energy  range  3 t o  8 keV and a double  c r y s t a l  monochromator claimed a 
p ro b a b le  e r r o r  o f  l e s s  than  1%. L a t e r  on he i n c r e a s e d  t h e  ene rgy  range  
from 852 ev to  40 keV and fo r  s e l e c t e d  Z from Be to  Sn .  The e s t im a te d  
s t a t i s t i c a l  e r r o r  was <0.5 % and th e  s y s t e m a t i c  e r r o r  was a l s o  t h e  same.  
The p h o t o e l e c t r i c  c o n t r i b u t i o n  was c a l c u l a t e d  by s u b t r a c t i n g  from t h i s  t h e  
Thomson and Compton s c a t t e r i n g  c o n t r i b u t i o n s  and then  compared with  
t h e o r e t i c a l  c a l c u l a t i o n s  o f  p h o t o - e l e c t r i c  c r o s s - s e c t i o n  based on Coulomb 
w a v e f u n c t io n s . But a t  t h i s  energy  we cannot  assume t h a t  e l e c t r o n s  a r e  
f r e e  , t h e r e f o r e  we must use  Form F a c t o r s  and S c a t t e r i n g  F u n c t i o n s ,  denoted  
by F(q ,Z) and S (q ,Z )  r e s p e c t i v e l y ,  which must be m u l t i p l i e d  to  t h e  f r e e  
e l e c t r o n  c r o s s - s e c t i o n  fo r  Ray le igh  and Compton r e s p e c t i v e l y  to  a l l o w  f o r  
t h e  b in d in g  o f  the  e l e c t r o n ,  d i s a g r e e m e n t  between e x p e r i m e n t a l  and t h e  
c a l c u l a t e d  value  was obse rved ,  f o r  aluminium t h i s  ranged from -36% t o  +52% 
f o r  th e  above energy  r a n g e ,  the  reason  f o r  t h i s  may w e l l  have  been t h e  
p resence  o f  i m p i r i t i e s  (mainly  Fe and Cu) i n  the  sample ,  b u t  m a in ly  i t  was 
due to  i n a c c u r a t e  c a l c u l a t i o n s  o f  the  s c a t t e r i n g  c o n t r i b u t i o n s .
A r e l a t i o n s h i p  fo r  Mo-Ka r a d i a t i o n  (17*44 keV) s i m i l a r  t o  t h a t  
o b ta in e d  by Cuykendall  (1936) was der ived  by Rocf (1959) f o r  t h e  a b s o r p t i o n  
c o e f f i c i e n t  o f  f i f t e e n  e lements  fo r  1<=Z<=17 ex c lu d in g  He and Ne.  A l l  
ab s o rb e r s  were molecu le s  o r  compounds and c o r r e c t i o n s  were a p p l i e d  f o r  t h e  
p resence  o f  o t h e r  atoms,  (mixtu re  r u l e ) ,  excep t  f o r  Be and A1 where f o i l s  
were used .  The r e s u l t s  were compared with  A l l e n ’ s d a t a  and th o s e  in  
I n t e r n a t i o n a l e  T a b e l l e n ,  and agreed  w i th in  e x p e r im e n ta l  a c c u ra c y .  F o r  t h e  
Mo-K« en e rg y ,  th e  a b s o r p t i o n  c o e f f i c i e n t  was given by ♦ O .IS5R
However when compared with  Storm and I s r a e l ’ s d a t a  f o r  low Z (<20) 
sometimes t h e r e  were d i s c r e p a n c i e s  o f  more th an  20% ( f o r  Oxygen,  -22%),  b u t  
agreement was r e a s o n a b le  fo r  Be,Cl and K (<2%). A l l  o t h e r s  were g r e a t e r  
than 5% excep t  f o r  Ca— 3.5%. But th e  major d i s a d v a n t a g e  was t h a t  t h e
r e s u l t s  a re  on ly  a p p l i c a b l e  t o  t h e  one energy.
Although a t t r a c t i v e  for  homogeneity and o t h e r  r e a s o n s  t h e r e  a r e  very
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few measurements on gases  b e f o r e  t h e  m id -^ B O ’ s and th o s e  t h a t  a r e  , a r e  f o r  
t h e  low energy  (<25 keV) range  (C o lv e r t  1930,  Dersham & S c ie n  1931, 
Richtmyer 1921) T h e i r  d a ta  compared with  M i l l a r  and Greening  (1974) 
d i s a g r e e s  by  about +15% f o r  t h e  o v e r l a p p in g  r ange .
Hopkins (1959) s t u d i e d  m e ta l s  a t  low and medium Z fo r  e n e r g i e s  l e s s  
than  40 keV frcm a Bragg c r y s t a l  s p e c t r o m e te r .  The source  and d e t e c t o r  was 
f i n e l y  c o l l im a ted  with a 0 . 0 3  i n .  c o l l i m a t o r .  The d e t e c t o r  was t h i n  mylar  
end window p r o p o r t i o n a l  c o u n te r  and a Nal s c i n t i l l a t o r  c o u n t e r .  Thin 
f o i l s ,  o f  p u r i t y  g r e a t e r  th an  99% were prepared  u s ing  a m echan ica l  r o l l i n g  
p ro ces s  , an d  o t h e r s ,  (Cr,Co,Ni and Cu) v ia  an e l e c t r o c h e m i c a l  p r o c e s s .  The 
K jump r a t i o s  ( i . e .  the  r a t i o  o f  p h o t o e l e c t r i c  c r o s s - s e c t i o n s  im media te ly  
on th e  h ig h e r  and lower energy  s i d e s  o f  th e  K edge) were measured on th e  
l a t t e r  fo u r  e l e m e n t s .  A most p robab le  observed e r r o r  o f  3% was claimed in 
t h e  v a lues  o f  JU/p. however t h e y  a re  w i th i n  5-10% o f  V e ig e le  d a t a ,  exce p t  
f o r  A1 where -12% a t  10 keV and +12% a t  40 keV was ob se rv ed .  For  th e  
K jump r a t i o s  e r r o r s  were between 5 and 10%.
The work done fo r  t h e  low energy and Z range  p r i o r  t o  t h e  y e a r  1960 i s  
p r e s e n te d  in  t a b l e  2 .
Table  2 .  Pre-1960 su rvey  o f  U
Year Authors B r i e f  summary
1934 T.M. Hahn C a l c u l a t i o n  o f  jJL by measur ing f o r  
p a r a f f i n  and c o r r e c t i n g  fo r  C Energy=59.3 
keV, p ro b a b le  e r r o r  o f  0.96% from f o u r t e e n  
o b s e r v a t i o n s .  Also,  }l f o r  C,A1, di^Ag^Ta, W 
and Pb.
1936 T.R. Cuykendal l Exper imenta l  d e t e r m in a t io n  f o r  low 
Z and i n t e r m e d i a t e  e n e r g i e s  ( 82 .5  -  247 .5  
keV). Absorbers  were in  s o l i d  form and an 
i o n i s a t i o n  chamber was used .
1936
1937
1938
1939
M. J . J o n e s
W .Gentner
C.L. Andrews
W.Wrede
Experimenta l  d e t e r m in a t io n  f o r  h igh  
Z, and h igh  E, s i m i l a r  s e tu p  to  Qjykendall-  
double c r y s t a l  s p e c t ro m e te r ,  e t c .
Jtf. f o r  Pb fo r  
(270 keV).
i n t e r m e d i a t e  e n e r g i e s
Measurement f o r  low energy ( 1 .5  <E <
8 . 3  keV) on m a t e r i a l s  ob ta ined  in  f o i l  form 
(excep t  C and Be).
Measurement fo r  6 < Z < 58 f o r  24 
e lements  and 8.7<E<96.9 keV. C h a r a c t e r i s t i c  
l i n e s  used as monochromatic s o u r c e .
1941 S. L a i b e r t  Exper imenta l  va lues  o f  s e l e c t e d
Z*s (from 28 t o  82 ) u s ing  monochromatic 
e n e r g i e s  ( c h a r a c t e r i s t i c  l i n e s  ) .  Claimed 
observed e r r o r  o f  2 .55  % f o r  copper.
1949 J . A.Vic toreen  C a lc u la t e d  v a lu e s .  1 < Z < 96 f o r  E>
K s h e l l  e n e r g i e s  Einperical r e l a t i o n  given 
o n ly .
1952 G .F .B rewste r  Uses V i c t o r e e n ' s  va lues  fo r  e lements
t h a t  a r e  u s e f u l  in g la ssm ak ing .
1955 D. R.Chipman Measured va lu e s  f o r  C and c o r r e c t i o n
fo r  s o l i d  ang le  s c a t t e r i n g  by v a ry in g  the  
s l i t  width  a t  energy  o f  th e  Cu-Ket l i n e .
1957 S .J .M .A l len  Th is  i s  a c o m p i la t io n  o f  p r e v i o u s l y
p u b l i sh e d  d a t a  and l i s t s  i n t e r p o l a t e d  and 
e x t r a p o l a t e d  d a t a .  Wavelengths a re  quoted  & 
no t  energy .
1957 B.L.Henke e t . a l .  A semi e m p i r i c a l  d e r i v a t i o n  t o
Allen s da ta  i s  c o n s i d e r e d .  An average  d e v i ­
a t i o n  o f  +2 4% was claimed by Herke and 
M i l l a r  ( r e f .  S17 ) .
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1957 G .W.Grodstein A t h e o r e t i c a l  d e r i v a t i o n  i s  given 
fo r  t h e  t a b u l a t e d  d a t a  w i th  e x p e r i m e n t a l  
p o i n t s  used as checks  Emperical  c o r r e c t i o n  
f a c t o r s  a re  given  (bu t  n o t  d e r i v e d )  f o r  the  
S au te r  Stobbe fo rm u la .
1958 R.D D e s l a t t e s  Measured va lue  fo r  r an g e  8 < E < 30
keV f o r  15 e l e m e n t s .  F o i l s  were used  with  
a two c r y s t a l  s p e c t ro m e te r  and s t a t i s t i c a l  & 
f o i l  n o n -u n i fo rm i ty  e r r o r s  were c o n s id e r e d .  
Good agreement w i th  o t h e r  a u t h o r s .
1958 T Ergun & V Tiensuu  Measurements on inhomogenous
m a t e r i a l s  comparing t r a n s m i t t e d  & r e f l e c t e d  
i n t e n s i t i e s  t o  avo id  s c a t t e r i n g  e r r o r s . T o t a l  
e r r o r  o f  +3% quoted and va lu e s  fo r  C & 
a t  Cu-Ka r a d i a t i o n .
1959 R T McGinnies This u p d a te s  G ro d s t e in s  d a t a  f o r  low
energy  ( <50 keV ) i n  the  l i g h t  o f  new d a t a  
based  on Hopkins (6 ) ,  D e s l a t t e s  ( 1 4 ) ,  French 
(2 4 ) ,  Bearden (3)  and Hub b e l l  ( 1 8 ) .  E r ror  
reduced from 10% t o  3-5% c la im ed .
1959 R.B Roof fo r  1<Z<17 range  a t  one energy  Mo- 
K* (1 7 .4 4  keV) took  measurements o f  jUL(tot) & 
then s u b t r a c t e d  K l ie n -N is h in a  s c a t t e r i n g  t o  
o b t a in  / J - (abso rp t ion ) ,  and f i t t e d  t h i s  t o  t h e  
eq u a t io n  Ji( a b s o r p t i o n )  =C*Zm ,+b. The va lues  
o f  JU(absorption) were h ig h e r  than  th o s e  
o f  o t h e r  a u t h o r s  (11) f o r  Z<7 and l e s s  f o r  
Z>7. When f o i l s  were used  , Be and Al,  t h e
e r r o r s  were much g r e a t e r  
e l e m e n t s .
tha n  f o r  o t h e r
w i a p u e r  e. r a & e  h u
51. 1 .2  1960- 1981
The approach  o f  C a r t e r  e t . a l .  (1967) was t o  p a r a m e t r i s e  t h e  v a lu e s
o f  J i /p f o r  e l em en ts  a t  e n e r g i e s  between t h e i r  K- and L- s h e l l  edges ,
because  o f  l a c k  of r e l i a b l e  d a t a  and t h e  l a r g e  v a r i a t i o n  o f  a v a i l a b l e
d a t a  t h a t  e x i s t e d  in t h i s  r e g i o n . T he i r  e x p e r i m e n t a l  d a t a  were
o b ta in e d  by measurements on seven e lements  between Z=21 and 30 and
e n e r g i e s  between 1 .49  and 15.77 keV. (The a p p a r a tu s  used  was s i m i l a r
t o  t h a t  o f  Hopkins (1959)) .  E r r o r s  in  JU/p were quoted  to  be l e s s  t h a n
4% and g e n e r a l l y  in c re a s e d  with  energy,  s a id  to  be  due t o  _ lo s s
o f  i n t e n s i t y  when smal l  c o l l i m a t o r s  a r e  used,  beca u se  o f  fewer 
ec o h e r e n t l y  scat tei^d  pho tons ,  and a l s o  due t o  n o n - u n i f o r m i ty  of  t h e  
a b s o r b e r s .  Both t h e s e  e r r o r s  could  have been al lowed f o r  b u t  n e i t h e r  
was seen t o  be done.  The ex p re s s io n  f o r  t h e  l a t t e r  e r r o r  was given by
1 . - ( p / a ) S i n h ( a  JU/p)
v c)  m m ) ---------
where a = max. d e v i a t i o n  o f  abso rbe r  t h i c k n e s s  from mean v a l u e .  
However t h i s  equa t ion  i s  d im e n s io n a l ly  i n c o r r e c t  in  t h e  n u m e ra to r .  
F o r  Z>2 0 and e n e r g i e s  between t h e  L-and K- s h e l l ,  t h e  above measured 
d a ta  was f i t t e d  to  a f u n c t i o n  JU/p. raZ^'E?1, (Leroux , 1963).  The r e s u l t s  
agreed  w i th i n  10? when compared t o  da ta  o f  Veige le  (1973).
D e s l a t t e s  (1969) measurements c o n c e n t r a t e d  on atoms and m olecu les  
i s o l a t e d  ( i . e .  produced by e vapo ra t ion )  i n  c r y s t a l l i n e  s o l i d s .  In 
c r y s t a l l o g r a p h y  o n ly  a smal l  band o f  energy  i s  used so he c o n s id e re d  
a l l  o t h e r  e n e r g i e s  excep t  t h i s  band,  a s  i t  was a l r e a d y  s t u d i e d  
s u b s t a n t i a l l y .  Using a p o i n t  Coulomb approxim ation  f o r  t h e  dominant  
photo e l e c t r i c  e f f e c t ,  JU. was e s t im a te d  t h e o r e t i c a l l y .  Then t h e s e  
va lues  were compared with  expe r im en ta l  o b s e r v a t i o n s .  F o r  a p o ly a to m ic
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system,  n e a r  an a b s o r p t i o n  edge (+/-  few 100 e v ' s ) ,  t h e  m ix tu re  r u l e
i
f a i l e d  c o m p le te ly ,  and t h i s  was p robab ly  due t o  t h e  re so n an ce  
anomalous s c a t t e r i n g  (Garner ,  1979).
McMaster e t . a l .  (1967-8)  a t  LRL, com puter ised  t h e  a v a i l a b l e  d a t a  
which was weighted acc o rd in g  to  t h e  a u t h o r s  claimed a c c u ra c y .  T h e  
t h e o r e t i c a l  s c a t t e r i n g  c r o s s - s e c t i o n s  were s u b t r a c t e d  from t h i s  and 
th e  rem a in ing  p h o t o e l e c t r i c  c r o s s - s e c t i o n  was f i t t e d  t o  a po lynomia l  
f u n c t i o n .
Lakshminarayana and Jnanananda (1961) compared t h e o r e t i c a l  and 
e x p e r im en ta l  v a lu es  o f  t o t a l  c r o s s - s e c t i o n .  The former was c a l c u l a t e d  
as t h e  sum o f  t h r e e  independen t  p ro c e s s e s  (Compton+Rayleigh 
s c a t t e r i n g ,  p h o t o e l e c t r i c  and p a i r  p r o d u c t i o n ) ,  and t h e  e x p e r i m e n t a l  
r e s u l t s  were o b ta in ed  u s in g  narrow beam geometry and v a r io u s  
r a d i o i s o t o p e s .  The t o t a l  p h o t o e l e c t r i c  c r o s s -  s e c t i o n ,  t ( f , € . ) ,  were 
c a l c u l a t e d  by f i r s t  de te rm in in g  th e  K - s h e l l  p h o t o e l e c t r i c  c r o s s -  
s e c t i o n ,  t ( k ) .  F o r  low e n e rg ie s  (< 320 keV) t ( k )  was.  c a l c u l a t e d  as 
t h e  p roduc t  o f  H e i l t e r , s (1954) non-  r e l a t a v i s t i c  quantum mechanic s  
equ a t io n  (u s ing  t h e  Born app ro x im a t io n ) ,  and t h e  Stobbe (1931) f a c t o r  
because  o f  t h e  breakdown o f  the  Bom approx im at ion  nea r  t h e  i o n i s a t i o n  
e n e r g i e s .  Fo r  heavy e lem en ts ,  t h e  r e l a t a v i s t i c  e x p r e s s i o n  o f  S a u t e r  
(1931) was employed. This  led  to  t ( | . £ . )  from Whites (1952) r a t i o s  o f  
t ( p . 6 . ) / t ( k ) . Agreement was observed fo r  l i g h t  e lements  a t  e n e r g i e s  
g r e a t e r  than  662 keV, b u t  d e v i a t i o n  occured fo r  l i g h t  e lem en ts  a t  low 
e n e r g i e s  and h igh  Z elements  a t  a l l  e n e r g i e s .  The s o u rc e s  were 
Co60,Sc46, Cs137, Cr51 and C e l4 l ,  ( .  145- 1 .33  MeV)..
High p r e c i s i o n  measurements by McCrary e t . a l .  (1967) f o r  t h e  
energy  range  25 keV t o  130 keV i n  t h e  range  Be (Z=4) t o  Pu (Z=94) f o r
24 e lem en ts  were c a r r i e d  ou t  u s in g  a Bragg d i f f r a c t i o n  monochromator.  
The expe r im en ta l  e r r o r s  cla imed were l e s s  than  2%, and t h e  m a j o r i t y  o f  
r e s u l t s  compared v e ry  wel l  ( <2? ) w i th  Veige le  (1973) f o r  h igh  Z and 
<10? f o r  low Z . A Nal d e t e c t o r  was used  and o n ly  one e n e rg y  was 
looked a t  f i r s t  by s e l e c t i n g  a va lue  by th e  q u a r t z  g r a t i n g  and th e n  
i s o l a t i n g  i t  w i th  a s i n g l e  channel  a n a l y s e r .  E r r o r s  were reduced  by 
o b t a i n i n g  h igh  c o m t  r a t e s ,  measur ing th e  t h i c k n e s s e s  a c c u r a t e l y  and 
by t a k in g  many t r a n s m is s i o n  measurements . Th is  involved  t a k i n g  many 
s e t s  o f  t r a n s m is s i o n  r a t i o s  i n c lu d in g  a c c u r a t e  backgrou id  measurements 
and c a l c u l a t i n g  a mean r a t i o .  A q u a n t i t a t i v e  chemica l  a n a l y s i s  
determined  im p u r i ty  c o n c e n t r a t i o n  and t h e i r  Z ' s  so t h e y  can be a l lowed  
f o r ,  and a l s o  a l low ing  fo r  a i r  a t t e n u a t i o n  (approx .  0 .1 ? )  f o r  Be and 
C a b s o r b e r s .  However l a r g e  e r r o r s  did  occur fo r  Be because  o f  t h e  
0 .12?  v a r i a t i o n  in  i t s  im p u r i ty  c o n c e n t r a t i o n  and lead  t o  a 2? e r r o r  
in  | i / p .
In  the  medium energy range  (367 keV -  2 . 7 6  MeV) Davisson and
Evans (1951) worked on A l ,0u ,S n ,T a  and Pb and produced r e s u l t s  t h a t  
agreed to  w i th in  2? o f  t h e o r y ,  however a -5?  ancmaly w i th  Ta a t  1 .2  
MeV was observed and could  no t  be e x p l a in e d ,  b u t  th ough t  to  be due to  
on ly  99.5? p u r i t y .  Data a re  p r e s e n te d  in t h e  form o f  t r a n s m i s s i o n  
curves  fo r  t h e  above elements  fo r  t h e  d i f f e r e n t  gamma s o u r c e s .  In a l l  
c a s e s ,  th e  t r a n s m i s s i o n  r a t i o  o b ta in e d  e x p e r i m e n t a l l y  was h ig h e r  than  
th e  t h e o r e t i c a l  value  probab ly  due t o  c o n t r i b u t i o n  from s econdary  
r a d i a t i o n ,  from s i n g l y  and m u l t i p l y  s c a t t e r e d  ph o to n s ,  b rem m st rah lu ig  
from secondary  e l e c t r o n s  and f l u o r e s c e n c e  from a b s o rb e r  m a t e r i a l s .
For  the  low energy  and low Z r a n g e ,  M i l l a r  and Greening (1974) 
p r e s e n t  a c c u r a t e  ( <1? o v e r a l l  e r r o r )  e x p e r i m e n t a l l y  de te rm ined  mass
a t t e n u a t i o n  c o e f f i c i e n t s  f o r  v a r io u s  compounds (6<=Z<=18) a t  a s e r i e s
o f  e n e r g i e s  between 4 .509  t o  25 .192  keV u s in g  an X -ray  c r y s t a l
d i f f r a c t i o n  s o u r c e .  The. .paper s e t  ou t  to  t e s t  t h e  t h e o r e t i c a l  r e s u l t s  
o f  Storm and I s r a e l  ( 1970). The r e s u l t s  were w i t h i n  2% o f  Storm and
I s r a e l  ex c e p t  f o r  C a t  5 keV ( - 2 . 7 ? )  and f o r  Mg fo r  e n e r g i e s  l e s s  t h a n
15 keV, b u t  t h e  d i s c r e p a n c y  f o r  ca rbon  iS n e g l i g i b l e  when compared 
wi th  V eige le  (1973) and t h e  same fo r  magnesium. The p h o t o e l e c t r i c  
f u n c t i o n  was o b ta in e d  by s u b t r a c t i n g  t h e  s c a t t e r i n g  c o n t r i b u t i o n  and 
t h i s  was then  f i t t e d  to  a f u n c t i o n  l n ( T Pc) =]>Ci(LntE)*") . These
r e s u l t s  a l s o  compared v e ry  wel l  w i th  V eige le  (1973) ( <2?, e x ce p t  f o r  
Mg). The reason  f o r  t h e  h ig h  acc u racy  t h a t  i s  o b t a in e d  here  i s  t h e  
h i g h l y  c o l l i m a t e d  i n c i d e n t  and t r a n s m i t t e d  beam bo th  o f  which a r e
monoenerge t ic  o f  energy  E, t h e  homogeni/Qty o f  the  a b s o r b e r ,  and t h e
cd ra cy  to which th e  parameters o f  l e n g t h ,  p r e s s u r e ^  t e m p e r a t u r e ; /  and
L L. )
d e n s i t i e s  were measured.
T a b u l a t i o n s  o f  Hub b e l l  ( 1969/77) ;  V e ige le  (1 9 7 3 )5 and Storm and 
I s r a e l  (1970) a r e  t h e  most e x h a u s t i v e  t o  be produced in  t h a t  t h e y  
cover t h e  w id e s t  r ange  of  e lements  fo r  t h e  w id e s t  r ange  o f  e n e r g i e s .  
These o f  V e ige le  (1973) a r e  c a l c u l a t e d  in two s e c t i o n s ,  t h e o r e t i c a l l y  
f o r  . 1<=E<=10 keV and e x p e r i m e n t a l l y  fo r  1<=E<=1 000 keV. The l a t t e r  
was o b t a i n e d  by look ing  a t  a l l  t h e  a v a i l a b l e  e x p e r i m e n t a l  d a t a  t o  
d a t e ,  a s s i g n i n g  w eigh ts  to  them a c c o rd in g  t o  t h e  a u t h o r s  cl a imed 
ac c u ra c y  and the n  co n d u c t in g  a l e a s t - s q u a r e s  f i t  to  t h e s e  p o i n t s .  F o r  
Z up t o  64 and fo r  e n e r g i e s  above L-edges  an e r r o r  o f  2-5% was 
e s t i m a t e d .
Hubbe ll  (1969/77)  l i s t s  c r o s s - s e c t i o n s ,  a t t e n u a t i o n  c o e f f i c i e n t s  
and ene rgy  a b s o r p t i o n  c o e f f i c i e n t s  i n  t h e  e n e rg y  r a n g e  10 keV t o  100 
Gev f o r  s e l e c t e d  Z’ s on ly .
The da ta  o f  Storm and I s r a e l  (1970) a r e  based on t h e  sum o f  t h e  
d i f f e r e n t  modes o f  i n t e r a c t i o n  which a r e  c a l c u l a t e d  s e p a r a t e l y  and 
then summed to  g iv e  th e  t o t a l  c r o s s - s e c t i o n .  The p h o t o e l e c t r i c  va lu e s  
a r e  t h o s e  o f  Brysk and Zerby (1967) ,  who used bound s t a t e  
w avefunc t ions  o b ta in e d  by Liberman,  Waber and Cromer (1965).  The 
in c o h e re n t  s c a t t e r i n g  c r o s s - s e c t i o n  was o b ta in e d  from t h e  i n t e g r a l  o f  
t h e  K le in -N is h in a  c r o s s - s e c t i o n  m u l t i p l i e d  by t h e  i n c o h e r e n t
s c a t t e r i n g  f u n c t i o n ,  S (q ,Z ) ,  c a l c u l a t e d  by Craner and Mann (1967) .
/
Values o f  Stcrm and I s r a e l  (1970) ag ree  w i th  Veigele (1973) t o  
about  5% over t h e  r a n g e ,  even though t h e  former quo te s  a 10? 
u n c e r t a i n t y .  There i s  an e x c e l l e n t  agreement o f  t h e  p o s i t i o n s  o f  
edges between t h e  two and Veige le  a l s o  g ives  g r a p h i c a l l y  t h e  jump 
r a t i o s  fo r  t h e  s h e l l s  and mathemat ica l  e x p r e s s i o n s  to  c a l c u l a t e  them.
In  an a t t e m p t  t o  r e l a t e  JLL measurements d i r e c t l y  to  m ed ica l  
scanning ,  White and F i t z g e r a l d  (1977) c a l c u l a t e d  va lues  o f  fi/ p  ( from 
Hubbell  s d a t a )  o f  human organs u s in g  th e  com posi t ion  l i s t e d  in t h e  
ICRP Reference  Man (1975) and a l s o  q u o t in g  i t s  r a t i o  f o r  o rgan /m usc le  
v a l u e .  Both th e  Reference Man and t h e  a t t e n u a t i o n  d a t a  a r e  s u b j e c t  to  
e r r o r s  bu t  by comparing th e  d e r ived  va lues  with  e x p e r im e n ta l  d a t a  
o v e r a l l  e r r o r s  o f  +10? over t h e  e n t i r e  ene rgy  range  (10 keV -  100 MeV) 
were e s t i m a t e d .  Where anomal ies  e x i s t e d  ( f o r  12 organs  and t i s s u e s )  
and could  n o t  be c o r r e l a t e d  th e  d a t a  were r e j e c t e d .  The paper  ends  
g iv in g  th e  va lues  o f  a polynomial  f i t  t o  fo u r  organs (ad ipose  t i s s u e ,  
a o r t a ,  s k e l e t o n - c o r t i c a l  bone and t e s t e s )  The f u n c t i o n  i s  o f  t h e  form
A ( i ) [ l n ( E ) 3
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2.. 2 Review o f  Tabu la ted  Data j
Hub b e l l  (1969) s t a t e s  e r r o r s  in  t h r e e  s e c t i o n s ;  f o r  low Z (1 -10)  i n  
t h e  30 keV<E<100 MeV range  e r r o r  i s  quoted  to  be 5-101 .  Th i s  was due t o  
poor knowledge o f  the  p h o t o - e f f e c t ,  and d e p a r t u r e s  from t h e  K le i n -N i s h i n a  
t h e o r y  fo r  Compton s c a t t e r i n g .  For  medium Z (11-42)  f o r  10 keV<E<1MeV 
e r r o r  i s  1-255 because  o f  u n c l e a r  c o n t r i b u t i o n s  o f  p h o t o e l e c t r i c  and 
s c a t t e r i n g  c r o s s - s e c t i o n s  t o  t o t a l .  For  h igh  Z (4 3-92) f o r  10keV<E<1MeV 
e r r o r  i s  1-255 f a r  from an edge and 5-1055 near  i t .  The l a r g e  e r r o r s  n e a r  
an edge were a t t r i b u t e d  due t o  e r r o r s  in  t h e  m ix tu re  r u l e  
( W i l l i a m s , 1980).  E l e c t r o n  b in d in g  e f f e c t s  were t r e a t e d  by combining them 
with  Rayleigh  s c a t t e r i n g ,  t h e  j u s t i f i c a t i o n  be ing  t h a t  f o r  low Z Ek< 
photon e n e r g i e s  and fo r  h igh  Z the  K - s h e l l  e l e c t r o n s  compromise o n ly  a 
smal l  f r a c t i o n  o f  the  t o t a l  e l e c t r o n s .
C a l c u l a t i o n s  o f  i n c o h e r e n t  and Rayle igh  s c a t t e r i n g  in v o lv e s  a 
m u l t i p l i c a t i v e  c o r r e c t i o n ,  t h e  i n c o h e r e n t  s c a t t e r i n g  f u n c t i o n  S (q ,Z )  and 
th e  atomic form f a c t o r  F (q ,Z )  r e s p e c t i v e l y ,  t o  a l lo w  fo r  t h e  f a c t  t h a t
•t
t h e  atomic  e l e c t r o n s  a r e  n o t  t o t a l l y  f r e e  b u t  move in a e l e c t r o s t a t i c  
f i e l d  o f  the  nuc leus .  T h e re fo re  t h e i r  c a l c u l a t i o n s  depend on a knowledge 
o f  th e  wave f u n c t i o n s .  C a l c u l a t i o n s  o f  S (q ,Z )  t i l l  1966 were  based  on 
Thomas-Fermi model. Crcmer and Mann (1967) did c a l c u l a t i o n s  based  on t h e  
H ar t ree -F ock  model fo r  39 s p h e r i c a l l y  symmetric atoms. Hanson,  Herman, 
Lea and Skil lman (1964) ,  and Cromer and Waber (1965) gave F (q ,Z )  t a b l e s  
based on same H ar t ree  model.
Storm and I s r a e l  (1967) used S (q ,Z )  va lues  from Cromer and Mann 
(1967) and F (q ,Z )  from Hansen (1964).  The c r o s s - s e c t i o n  f o r  (Z,E) r an g e  
o f  1<=Z<=100 and 1 keV<=E<=1OOMeV was t a b u l a t e d .
V eige le  (1973) der ived  h i s  t a b l e s  from e x p e r i m e n t a l  anid t h e o r e t i c a l
I
work c o l l a t e d  up t i l l  t h a t  t im e .  9 ,000  ex p e r im e n ta l  p o i n t s  o f  t o t a l  and 
p h o t o e l e c t r i c  c r o s s - s e c t i o n s  from 153 s o u rc e s  were o b t a i n e d .  OCinc. )  
and OCcoh.) were c a l c u l a t e d  t h e o r e t i c a l l y  from Cromer’s (1967) va lues  o f  
form f a c t o r s  and s c a t t e r i n g  f u n c t i o n s .  These were s u b t r a c t e d  from 0 ( t o t )  
t o  o b t a in  t ( p . e . ) .  These va lues  and th o s e  t h a t  were e x p e r i m e n t a l l y  
de termined  were weighted and f i t t e d  by a l e a s t  s q u a re s  program f o r  a b e s t
7
e s t i m a t e  . U n fo r tu n a t e ly ,  a d iv e r s e  method o f  w e igh t ing  each  p o i n t  was 
used ,  and were termed O b je c t iv e  and S u b j e c t i v e .  The l a t t e r  was based  on 
a 1-10 p o i n t s  system and were a p p l i e d  seemingly  w i thou t  any s c i e n t i f i c  
c r i t e r i o n .
A l l  values  o f  O ( to t )  t h a t  were l e s s  th a n  C K sc a t . ) were o b v i o u s l y  
r e j e c t e d ,  and t h e r e  were appprox im ate ly  1% o f  t h e s e .  The rem ain ing  
v a lu es  o f  ( J (p .e . )  were then f i t t e d  in two ways; one i s  i t s  v a r i a t i o n  
with  energy  f o r  a given  Z on a cub ic  lo g  f i t  fo r  ene rgy  above th e  K edge ,  
and second i s  i t s  v a r i a t i o n  a g a i n s t  Z fo r  a given E. Repeated 
a p p l i c a t i o n s  o f  w e igh t ing  f a c t o r s  were a p p l i e d  to  r e c a l c u l a t e  t h e  f i n a l  
b e s t  e s t i m a t e  o f  C ( p . e . ) .
Hub b e l l ’ s (1977) work cons ide re d  f i v e  e l e m e n t s ,  H, C, N, 0 and Ar, 
and seven m ix tu re s  from 0.1 keV t o  20 MeV, and cla imed a c c u ra c y  t o  t h e  
f o u r t h  decimal p l a c e .  C a l c u l a t i o n s  o f  in c o h e r e n t  c r o s s - s e c t i o n  was 
performed by numerica l  i n t e g r a t i o n  o f
by Mork (1971) ,  and t h e  te rm s  i n s i d e  t h e  i n t e g r a l  s ign  a r e  t h e
ie i n c o h e r e n t  s c a t t e r i n g  f u n c t i o n  (H ubbe l l ,  e t  a l
inc )  = (1+A*„ ) d O ^ S(q ,Z).d0-
d i l
where th e  combined double Compton and r a d i a t i v e  c o r r e c t i o n  g iven
d i f f e r e n t i a l  ( K l ie n N ish ina  f r e e  e l e c t r o n  Compton s c a t t e r i n g
1975).  T o ta l  u n c e r t a i n t y  c o n t r i b u t i o n s  from Rayle igh  s c a t t e r i n g  was s a i d  
to be 1% o r  l e s s  and 1-2$ f o r  i n c o h e r e n t  c r o s s - s e c t i o n .  . I n  t h e  
photo e f f e c t  t h e  s i n g l e  e l e c t r o n  o f  th e  hydrogen atom made a s p e c i a l  c a s e  
as i t  p l a y s  a dua l  r o l e  be ing  invo lved  in m olecu la r  b in d in g  and a c t i n g  as 
K s h e l l  co re  e l e c t r o n ,  lead  to  e r r o r s  as  h igh  as 4^%. But t h e  f o u r t h  
power Z-dependence o f  p h o t o - e f f e c t  c au s es  a v e r y  small m o lecu la r  e f f e c t  
c o r r e c t i o n s  t o  t h e  t o t a l  c r o s s - s e c t i o n  i n  hydrogen c o n t a i n i n g  compounds.
Table  3 .  P o s t  1950 rev iew o f  t a b u l a t e d  c r o s s - s e c t i o n  d a t a .  
Year Author E/Z Range Comments
1952 White Varying Z?s up to  
U and e n e r g i e s  
10keV<E<1OOMeV.
1959 McGinnies
1965 Davisson
1967 Storm & Z=1,100 & e n e r g i e s
I s r a e l  1keV<E<1OOMeV.
1969 Hub b e l l  Varying Z s up to  
U 10keV t o  100 
Gev.
1969 McMaster A l l Z ' s
IkeV t o  1MeV.
1970 Storm & Z=1.100 and for  E
I s r a e l  1 keV t o  100 MeV.
Exper imenta l  p o i n t s  served 
as checks  on t h e o r e t i c a l  c a l c . s .  
P h o to e f f e c t  from S a u te r  Stobbe 
formula and i n c o h e r e n t  from 
K le in  N ish ina  Quoted e r r o r  
10$ f o r  E<50MeV i s  too  low.
This  was r e v i s i o n  o f  Whites 
work, t a k i n g  i n t o  c o n s i d e r a t i o n  
new d a t a .  However e r r o r s  were 
s t i l l  u n d e re s t i m a t e d .
F u r th e r  r e v i s i o n  o f  above work 
in t h e  l i g h t  o f  new t h e o r e t i c a l  
work o f  H u l tbe rg  e t . a l . ( 1 9 6 D  and 
P r a t t  e t . a l . (1964).  F (q  Z) and 
S(q  Z) der ived  from Thomas-Fermi.
T h e o r e t i c a l  c a l c . s  o f  Schmikley 
& P r a t t  (1967) ,  Rakavy & Ron (1967),  
& Hul tbe rg  (1961) ,  and e x p e r i m e n t a l  
d a t a .  The da ta  were g r a p h i c a l l y  
smoothed. However d a t a  below 10keV 
a r e  er roneous  For S(q Z) , 
va lues  from Cromer and Mann (1967) 
used ,  and F (q ,Z )  frcm Hanson e t . a l .  
(1964).
R ea l ly  a r e v i s i o n  o f  W hi te -  
McGinnies-Davisson work t a k i n g  
i n t o  account  f u r t h e r  e x p e r i m e n t a l  
and t h e o r e t i c a l  va lues
S c a t t e r i n g  f a c t o r s  o f  Crcmer 
and Mann (1967) and Cromer and 
Weber (1965) based on r e l a t a v i s t i c  
c o r r e c t i o n s  t o  Herman-Skil lman 
wave fu n c t i o n  were u sed .
C a l c u l a t i o n s  a r e  e n t i r e l y
t h e o r e t i c a l .
1973 V e ig e le  A l l  Z ’ s up to  92 
1keV t o  1MeV.
S i m i l a r  t o  McMaster b u t  
d i f f e r e n t  i n t e r p o l a t i o n  and 
smoothing t e c h n iq u e  was used .  
The main weakness was in t h e  
s u b j e c t i v e  w e ig h t in g  f a c t o r  f o r  
t h e  ex p e r im e n ta l  d a t a .  A lso  th e  
i n t e r p o l a t i o n  over s t r e s s e s  t h e  
Z dependence compared wi th 
McMaster.
3 . 3  Conclusion.
There  i s  a need f o r  more ex p e r im en ta l  p v a l u e s  a t  low Z and E r a n g e  . Those 
t h a t  e x i s t  a r e  f o r  s p e c i f i c  va lues  o n ly  and a r e  p u b l i s h e d  by many d i f f e r e n t  
workers
A major p o i n t  t o  n o te  i s  t h e  l a c k  o f  c o n s i s t e n c y  in t h e  way in which e r r o r s
S
have been q u o t e d , o f t e n  with  a s e r i o u s  omiEjfcon o f  any d i s t i n c t i o n  between 
e x p e r im en ta l  e r r o r s  ( s y s t e m a t i c  and random) and d i f f e r e n c e s  between t h e o r e t i c a l  
t a b u l a t e d  d a t a  and measured p o i n t s .  G e n e ra l ly  i t  i s  l e f t  f o r  i n d i v i d u a l s  to  do 
some s o r t  o f  i n t e r / e x t r a - p o l a t i o n , e i t h e r  l i n e a r  o r  e x p o n e n t i a l ,  t o  t h e  Z/E va lue  
t h a t  t h e y  r e q u i r e  . In p a r t i c u l a r ,  th e  p r a c t i c a l  l i m i t a t i o n s  o f  t h e  m ix tu r e  r u l e  
inc lude  th e  ap p a re n t  anomalous behaviour  o f  some low Z m a t e r i a l s ' l i k e  Carbon.  
I n v e s t i g a t i o n  o f  th e s e  remain a w or thwhile  and v i a b l e  aim f o r  r e s e a £ h e r s , w i th  
access  t o  e x t re m e ly  h ig h  i n t e n s i t y  beams gene ra ted  by s y n c h ro t ro n  r a d i a t i o n .  
Though i t  must be p o in t ed  out  t h a t  fo r  ca rbon in  g r a p h i t e  form i t s  c r y s t a l l i n e  
n a tu re  could l e ad  to in c re a s e d  app a re n t  a t t e n u a t i o n  due to  d i f f r a c t i o n  ( see  
s e c t i o n  1 . 4 ) .
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3 I n t e r a c t i o n  o f  X - r a d i a t i o n  With M at te r  fo r  Low Energy Photons
Most t h e o r e t i c a l  s t u d i e s  o f  i n t e r a c t i o n  o f  photons  w i th  m a t t e r  ( H e i t l e r ,  
1954) have used p e r t u b a t i o n  t h e o ry  in which th e  Hamil tonian  o f  th e  pure r a d i a t i o n  
f i e l d  H ( ra d ) ,  p l u s  t h a t  o f  t h e  e l e c t r o n  (o r  nuc leus )  i n  th e  absence  o f  th e  
r a d i a t i o n  f i e l d ,  H(e l)  (Or H(nuc))  a r e  used to  o b t a in  t h e  u n p e r tu rb e d  wave 
f u n c t i o n  V  from t h e  wave eq u a t io n .
i  h dV = (H(rad) + H ( e l ) ) . * V   (1)
2**r.dt
To s tudy  the  i n t e r a c t i o n ,  th e  i n t e r a c t i o n  energy  must be added to  t h e  
H am i l ton ian ,  and a s o l u t i o n  be ob ta ined  fo r  t h e  wave equa t ion
i  h dTP = (H(rad) + H(el )  + H ( i n t ) ) . T P  (2)
2-rr. d t
by expanding Y* i n  te rm s  o f  the  s o l u t i o n s  Y(n)  o f  equ . ( 1 ) ,  n o rm a l ly  t h e  e x a c t
e x p re s s io n  fo r  H ( in t )  i s  too complica ted  t o  be used w i thou t  any a p p r o x im a t i o n s .  
The re fo re  s i n c e  H ( in t )  i s  a f u n c t i o n  o f  e l e c t r o n i c  c h a rg e ,  e ,  and t h e  s o l u t i o n  o f
equ.  (2) can be expaided in a povrer s e r i e s  o f  the  f i n e  s t r u c t u r e  c o n s t a n t
approximate  s o u l t i o n s  a re  o b ta in ed  by u s in g  on ly  t h e  f i r s t  or  t h e  f i r s t  few te rm s  
o f  the  expans ion .
S ince  t h e  mid -1950’s a new approach to  th e  t h e o r y  of  X-ray  i n t e r a c t i o n s  has  
been made u s ing  d i s p e r s i o n  r e l a t i o n s ,  which r e l a t e s  a b s o r p t i v e  and s c a t t e r i n g  
p r o c e s s e s  which in o ld e r  p e r t u b a t i o n  method were t r e a t e d  s e p a r a t e l y .  Also  i t
a p p l i e s  t o  any l i g h t - s c a t t e r i n g  p r o c e s s ,  no t  j u s t  t o  e l e c t r i c  d i p o l e
ap p rox im a t ion ,  and t h a t  i t  t a k es  f u l l  account  o f  r e l a t i v i s t i c  e f f e c t s .
3 .1 P h o t o e l e c t r i c  E f f e c t
In  t h e  atomic  p h o t o e f f e c t  an e l e c t r o n  i s  e j e c t e d  from an  atom a s  a r e s u l t  
o f  th e  a b s o r p t i o n  o f  a pho ton.  F or  a given element  t h i s  p r o c e s s  dominates  a t  
low photon e n e r g i e s ,  s c a t t e r i n g  a t  i n t e r m e d i a t e  e n e r g i e s ,  .and p a i r  p r o d u c t i o n  
a t  h igh  e n e r g i e s .
Exact c a l c u l a t i o n s  in  c lo sed  form are  n o t  p o s s i b l e  b u t  v a r io u s  
approx im at ions  a re  employed.  The c r o s s -  s e c t i o n  i s  p r o p o r t i o n a l  to  t h e  
t r a n s i t i o n  p r o b a b i l i t y ,  which depends on t h e  m a t r ix  e lement between t h e  
i n i t i a l  and t h e  f i n a l  s t a t e s  and th e  Hamil tonian o f  the  p e r t u b a t i o n .
Tf^is no rm al ly  taken as th e  bound s t a t e  s o l u t i o n  fo r  t h e  S chrod inger  o r
D irac  equa t ion  which fo r  th e  K - s h e l l  i s  Hydrogen- l i k e  wave f u n c t i o n .  T £ i s
a l so  a s o l u t i o n  from the  same equat ion  in  a Coulomb f i e l d .
Before  l a t e  1950’s the  t h e o r e t i c a l  knowledge of  p h o t o e f f e c t  were based  on
four  p i e c e s  o f  work ( P r a t t ,  1973)----
(1)  Stobbe (1930) ex a c t  n o n - r e l a t a v i s t i c  K- and L- s h e l l  
r e s u l t s  in  a point-Coulomb p o t e n t i a l .
where i s  the  Dirac  ma tr ix
k i s  t h e  k - v e c t o r  o f  the  i n c i d e n t  r a d i a t i o n
TP^is t h e  i n i t i a l  bound s t a t e ,  
and l ^ i s  t h e  f i n a l  continuum s t a t e
(2)  The S a u te r  (1931) r e l a t a v i s t i c  K - s h e l l  Born r e s u l t  in 
a point-Coulomb p o t e n t i a l .
(3)  The H a l l  (1936) and H a l l  & R a r i t a  (1931*) h igh energy  
l i m i t  r e s u l t s  for  th e  K- & L - s h e l l s  in t h e  point-Coulomb 
p o t e n t i a l .
& (4)  Exac t  r e l a t a v i s t i c  point-Coulomb K - s h e l l  t o t a l  c r o s s -  
s e c t i o n s  o b ta in e d  n u m e r i c a l ly  f o r  s i x  cases  by Hulme,
McDougall,  Buckingham and Fowler (1935) .
C ur ren t  u n d e r s tan d in g  o f  p h o t o e f f e c t  and a c c u r a t e  c a l c u l a t i o n s  a re  
p r e s e n te d  by Jackson and Hawkes (1981) where t h e  c r o s s -  s e c t i o n  f o r  t h i s  
e f f e c t  i s  given by th e  r e l a t i o n s h i p -----
^  ( / cj'st
The f i r s t  te rm i s  o b ta in ed  from the  low es t  t e rm  o f  t h e  Born
expansion o f  the  e l e c t r o n  continuum wavefunct ion  ( H e i t l e r  (195*0) given by
where Otv* . i s  the  Thomson c r o s s - s e c t i o n .  This  formula  asuumes
a) n e g l i g i b l e  s c r e e n in g  o f  n u c l e a r  p o t e n t i a l  by atomic e l e c t r o n
b) ou tgo ing  e l e c t r o n  d e s c r ib e d  by p lane  wave
& c )  n e g l e c t s  h ighe r  m u l t i p o l e  and r e l a t a v i s t i c  e f f e c t s  
Th is  i s  m u l t i p l i e d  by a f u r t h e r  f a c t o r  because o f  the  breakdown
o f  the  Born Approximat ion ,  e s p e c i a l l y  near  a b s o r p t i o n  e d g e s ,  and was
given by Stobbe (1930)
(-*+ V Cjs\l V )  
\  -  ( - 2 .T C  v )
where
E- a*
So the  p h o to e l e c t r i c  c r o s s - s e c t i o n  o f  th e  1 s - s t a t e  e l e c t r o n  
i s  given by
HrJ>>K
This d e r iv a t i o n  assumes t h a t  th e  r e t a r d a t i o n  o f  the  o u tg o in g  e l e c t r o n s  i s  
n e g le c te d  ( th e  e l e c t r i c  d ip o le  a p p ro x im a t io n ) ,  and th e  e l e c t r o n  w av e fu n c t io n s  
a re  t r e a t e d  n o n - r e l a t a v i s t i c a l l y .
The c o r r e c t io n  fo r  r e l a t a v i s t i c  and h ig h e r  m u l t ip o le  e f f e c t s  were done by 
f i t t i n g  t o  S c o f i e l d ' s  (1973) c a l c u l a t e d  c r o s s - s e c t i o n  d a t a .  F o r  th e  s - s t a t e  
e l e c t r o n s  t h i s  c o r r e c t io n  i s  a f u n c t io n  o f  £  o n ly ,  where |3 i s  th e  r a t i o  o f  th e  
e l e c t r o n s  v e l o c i t y  to  the  speed o f  l i g h t  in  vacuo.
st
£k„ i ( l « V =
y » - * V v « V \  •
The two rem ain ing  te rm s  in s id e  eq u a t io n  (3 )
combines two fu n c t io n s -----
a )  one due to  s c re e n in g  o f  n u c le a r  p o t e n t i a l s  by a tom ic e l e c t r o n s  
•given by t h e  r a t i o  o f  the  n o rm a l is a t io n  o f  th e  bound s t a t e  w av efu n c t io n s  in  
th e  sc reen ed  a tom ic p o t e n t a i l  to  t h a t  in  th e  p o in t-C ou lonb  p o t e n t i a l ,  
m u l t i p l i e d  by th e  occupancy f r a c t i o n  (0 ,  .5 o r  V) o f  th e  ns s h e l l .
b) The r a t i o  o f  th e  p h o to e l e c t r i c  c r o s s - s e c t i o n  o f  th e  n . s h e l l  s - s t a t e  
e l e c t r o n  to  th e  1s - s t a t e  e l e c t r o n  f o r  th e  point-Coulom b p o t e n t i a l  and fo r  th e  
h igh  energy l i m i t .  Bethe and S a lp e t e r  (1957) der ived  t h i s  second fu n c t io n  to  
be given sim ply  by
so e q u a t io n  (3) i s  a fu n c t io n  o f  Z o n ly  and n o t  th e  in c id e n t  photon e n e rg y ,  E.
A rev iew  o f  t h i s  s u b je c t  i s  r e p o r te d  by P r a t t  (1973) and Jackson  and 
Hawkes (1981) r e p o r t s  on th e  c u r r e n t  u n d e rs tan d in g  o f  th e  th e o r y  o f  atomic 
p h o to e f f e c t .  A ccura te  c a l c u l a t i o n s  a r e  a l so  p re se n te d  by S c o f ie ld  (1973)
be ing  t r e a t e d  r e l a t a v i s t i c a l l y  and as moving in  a H a r t r e e - S l a t e r  c e n t r a l  
p o t e n t i a l .
3.2 Compton S c a t t e r in g
In  Compton s c a t t e r i n g  a photon c o l l i d e s  w ith  an e l e c t r o n ,  assumed to  be 
f r e e  and a t  r e s t ,  l o s e s  some o f  i t s  en e rg y  and i s  d e f l e c t e d  from i t s  o r i g i n a l  
d i r e c t i o n  o f  t r a v e l .  The b as ic  th e o ry  o f  t h i s  e f f e c t  i s  t h a t  due to  K l ie n  and 
N ish ina  (1929) and has been w ell  confirm ed e x p e r im e n ta l ly  s in c e  t h e n ,  (M eitner
K
A
r
co v e r in g  energy  reg io n  1 <= E <= 1500 keV f o r  1 <= Z <= 101, th e  e l e c to n s
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and Hupfeld 1930, H o f s ta d te r  and M cIntyre 1949, Cross and Ramsey 1950, Sahota 
e t . a l .  1966).
Jackson and Hawkes (1981) s t a t e s  however, t h a t  th e  b a s ic  K l ie n  N ish ina  
t h e o ry  s ta n d s  to  be c o r r e c te d  in  i t s  p r e s e n t  form even fo r  e n e r g ie s  up t o  a s  
l a r g e  as 400 MeV. D ep a r tu re s  from i t  a r i s e  because o f  e l e c t r o n  b in d in g  
e f f e c t s ,  and a t  h igher  e n e rg ie s  s t i l l  because  o f  Double Compton e f f e c t s .
F i g .3 .2 ,  shows the  r e l a t i o n  between in c i d e n t  and s c a t t e r e d  e n e r g i e s  fo r  
d i f f e r e n t  a n g le s .
C onserva tion  o f  energy  and momentum c o n s id e r a t io n s  w i l l  r e l a t e  one 
param eter  w ith  th e  o t h e r .
The i n t e n s i t y  in a g iven d i r e c t i o n  a t  a d i s t a n c e  r  de r iv ed  by K lie n  and 
N ish ina  (1929) u s in g  a quantum m echanica l t r e a tm e n t  assuming a D ira c  e q u a t io n  
fo r  th e  e l e c t r o n ,  i s  given by
* = \  e<> ( 1+Cos(90 ){1+ ______a( l -C o s (Q ))______  } ------------ (6)
* 2m* c* r 1 ( [1+a( 1 -C o s (9 ) ) { (1 + C o s (0 ) ) [1 + a (1 -C o s (0 ) ) }
where 1= i n t e n s i t y  o f  s c a t t e r e d  beam a t  a d i s t a n c e  r  and a n g le  0 
from th e  s c a t t e r i n g  e l e c t r o n  o f  ch arge  e and mass m , 
and a-  E (K ev ) /5 11.0041
I t  can a lso  be w r i t t e n  as
F ig .  3.JL
1 = • k ( e )  
r* (hnO
where k (© )= c ro s s - s e c t io n  fo r  th e  number 
photons s c a t t e r e d / e l e c t r o n / u n i t  s o l id
an g le  in  d i r e c t i o n  0.
%  3. 1
k ( e ) = r o{ 1______ }[ 1+Cos(fr)+ a( 1+Cos(eO)_] ------------(7)
2 {1+a(1-C os(e>) f t  {1+a( 1-Cos(& )))]
and k(G-) = d «.?<») 
d - a
2. if.
where ro  = e = 7 . 94E-30 m2
m*cH
where eG& = e l e c t r o n i c  c r o s s - s e c t io n  fo r  no . o f  photons 
s c a t t e r e d  i n t o  s o i l d  an g le  in  d i r e c t i o n  &.
(For low e n e rg ie s  a  v  0
so  k (0 )  = ro* (1+Cos(QQ) which i s  th e  C l a s s i c a l
2 Than son d i f f e r e n t i a l
• c r o s s - s e c t i o n . )
I n t e g r a t i o n  o f  t h i s  e q u a t io n  over a l l  a n g le s  g iv e s  t h e  t o t a l  
K le in -N ish in a  c ro s s  s e c t io n  p e r  e l e c t r o n  -----
= 2tl . ro Z .<1+a[2 (1 + 2 a )- ln (  1+2a) ]+ ln( 1+2a) -  1+3a > (m2.)
< a*[1 + 2a a ] a (1+2af>  (8)
At th e  e n e rg ie s  t h a t  we are  concerned w ith  h ere  (< 1 00 keV), t h e r e
i s  a near  c a n c e l l a t i o n  between th e  lo g a r i th m ic  & th e  p u r e ly  a l g e b r a i c
te rm s .  So fo r  a<<1 th e  expanded v e rs io n  o f  e q u . (8) i s
= 8 . T £ . r o t  1 [1+2a+6ax-a+2a'-6a*+ 8a + 4a7- . . . . ]  ( m 2 ) ------(9)
3 ( 1+2ar ) 5 2 7 35 105 105
The s c a t t e r i n g  o f  r a d i a t i o n  by f r e e  e l e c t r o n s  i s  j u s t  th e  l i m i t i n g  c a se  
a t  h ig h  e n e rg ie s  o f  s c a t t e r i n g  by a tom ic e l e c t r o n s .  In  th e  more g e n e r a l  c a se  
th e  e f f e c t s  o f  the  b in d in g  o f  th e  e l e c t r o n s  to  th e  atom, and t h e i r  m o tio n s  and 
d i s t r i b u t i o n s  w i th in  th e  atom must be c o n s id e re d .  T h e o r e t i c a l l y ,  t h e  
s c a t t e r i n g  o f  T^-rays by bound e l e c t r o n s  i s  d e sc r ib e d  as a second o rd e r  p ro c e s s  
where one photon i s  absorbed and an o th e r  e m i t t e d ,  th e  p r o c e s s  in v o lv in g
i n i t i a l ,  in t e r m e d ia te  and f i n a l  s t a t e s  o f  th e  atom. An a c c u r a t e  t h e o r y  must
in c lu d e  a l l  p o s s i b le  in te rm e d ia te  s t a t e s  and must a lso  ta k e  in t o  account th e
|
a b s o rp t io n  o f  th e  in c id e n t  photon f i r s t ,  em ission  o f  th e  s c a t t e r e d  photon 
second; t h e  two p o s s ib le  sp in  o r i e n t a t i o n s  o f  the  s c a t t e r i n g  e l e c t r o n ;  and 
th e  two p o s s ib le  p o l a r i s a t i o n s  o f  th e  in c id e n t  and th e  o u tg o in g  p h o to n .  The 
e l e c t r o n  a b so rb s  some o f  the  momentum and e i t h e r  rem ains  in  an e x c i te d  s t a t e  
o r  le av es  th e  atom, so th e  s c a t t e r d  photon has l e s s  ene rgy  th a n  t h e  i n c id e n t  
p h o ton .  In  t h i s  c a se  t h e r e  i s  no phase r e l a t i o n  between t h e  r a d i a t i o n  
s c a t t e r e d  by th e  d i f f e r e n t  e l e c t r o n s ,  and th e  t o t a l  i n t e n s i t y  i s  o b ta in e d  by 
adding  th e  i n t e n s i t i e s  s c a t t e r d  by each e l e c t r o n  o f  th e  atom. T h is  a c c u ra te  
c a l c u l a t i o n  would have to  be c a l c u l a t e d  fo r  each e l e c t r o n i c  s h e l l  o f  th e  atom 
s e p a r a t e l y .  Complexity  in th e  p o s s i b l e  p e rm u ta t io n s  o f  th e  i n i t i a l  and f i n a l  
s t a t e s  makes such c a l c u l a t i o n s  ex tre m e ly  fo rm id a b le ,  u n le s s  u se  i s  made o f  th e  
c lo s u re  approx im ation  or th e  im pulse approx im ation  ( S c h i f f  1968, p g .4 6 ) .
Hence th e  a v a i l a b l e  th e o ry  fo r  in c o h e re n t  (and c o h e re n t)  s c a t t e r i n g  i s  based  
on approxim ate  m odels o f  th e  charge  d i s t r i b u t i o n  w i th in  th e  atom. They r e l a t e  
in fo rm a t io n  on th e  anguLar d i s t r i b u t i o n  o f  s c a t t e r i n g  and v a r i a t i o n s  w ith  
a tom ic  number and en e rg y .
So th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  ( in c o h e re n t )  can be e x p re s s e d  as a 
p roduc t o f  two f a c t o r s  (G ro d s te in  1957). The f i r s t  f a c t o r  computes th e  
p r o b a b i l i t y  t h a t  th e  photon i s  d e f l e c t e d  by a c e r t a i n  an g le  and t r a n s f e r  to  
th e  e l e c t r o n  a co rre sp o n d in g  amount o f  momentum a s  though i t  were f r e e  and 
denoted  by
d L a
and th e  second f a c t o r  g ives  the  p r o b a b i l i t y  t h a t  th e  e l e c t r o n  hav ing  r e c ie v e d  
t h i s  momentum, w i l l  ab so rb  a c e r t a i n  amount o f  energy  and th e r e b y  become 
e x c i te d  o r  le av e  th e  atom, denoted by S (q ,Z ) .
Hence, the  in c o h e re n t  s c a t t e r i n g  d i f f e r e n t i a l  c r o s s - s e c t i o n  i s  g iven  by
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ctffcc= S( q ,Z) . da.0»  (10)
dXI dX2
t h e r e f o r e ,  i n t e g r a t i n g  over a l l  d i r e c t i o n
OT(inc) = p(E ,Z) * *0**
C a lc u la t io n s  o f  S (q ,Z )  (H ubbell 1975) depends on knowledge o f  th e  a tom ic 
wave fu n c t io n  and can be done a n a l y t i c a l l y  fo r  hydrogen (and fo r  o th e r  atom s) 
i n  v a r io u s  approx im ations  based on th e  Thomas-Fermi (1 9 2 7 ) ,  P a u l in g  and 
Sherman (1927) models, and th e  most a c c u r a te  and e x t e n s iv e  com puta tion  o f  
wave- fu n c t io n s  o f  many e le c t ro n  atoms based on th e  s e l f -  c o n s i s t e n c e  f i e l d  
(SCF) method u ses  an i t e r a t i v e  procedure  f o r  th e  num erica l  s o l u t i o n  o f  a c l a s s  
o f  i n t e g r o d i f f e r e n t i a l  eq u a t io n s  known g e n e r a l l y  as  H a r t r e e -  Fock (HF)
e q u a t io n s   beg in n in g  with an i n i t i a l  t r i a l  wave fu n c t io n s  to  c a l c u l a t e  th e
p o t e n t i a l s  y ie ld in g  a new s e t  o f  f u n c t i o n s .  And t h i s  p ro c e s s  b e in g  r e p e a te d  
u n t i l  t h e  d i f f e r e n c e  in  v a lu es  o f  the  wave f u n c t io n s  or th e  e ig e n v a lu e s  w ith  
th e  p rev io u s  s e t  a re  w i th in  a c e r t a i n  s p e c i f i e d  a c c u ra c y .
3 .3  R ay le igh  S c a t t e r in g
T h is  i s  a p ro cess  by  which th e  photons a re  s c a t t e r e d  by  bound atom ic 
e l e c t r o n s  and in which th e  atom i s  n e i t h e r  io n i s e d  nor e x c i t e d .  The 
s c a t t e r i n g  from d i f f e r e n t  p a r t s  o f  the  a tom ic  charge  d i s t r i b u t i o n  i s  th e n  s a id  
to  be " c o h e r e n t” . The process  p redom ina tes  a t  low e n e rg ie s  and h ig h  Z ' s .  F or 
hydrogen , i f  th e re  was an independen t c o n t r i b u t i o n  from each o f  th e  a tom ic 
e l e c t r o n s  to  th e  c r o s s - s e c t i o n s  then  th e  in c r e a s e  in  R ay le igh  s c a t t e r i n g  f o r  
low momentum t r a n s f e r  would e x a c t ly  compensate fo r  th e  r e d u c t io n  o f  Compton 
s c a t t e r i n g  due to  b in d in g .
To c a l c u l a t e  th e  p r o b a b i l i t y  o f  co h e re n t  s c a t t e r i n g ,  th e  a m p l i tu d e s ,  
r a t h e r  th a n  th e  i n t e n s i t i e s ,  must be combined; h e re  aga in  t h e r e  a r e  two 
f a c t o r s  -
1) The f i r s t  one fo l lo w s  from th e  K-N r e l a t i o n  (e q u .7) 
i . e .  th e  D i f f e r e n t i a l  Thomson c r o s s - s e c t i o n
= ro* (1+C os*(9))
2
2) The second f a c t o r ,  F ( q ,Z ) ,  s im i l a r  to  S (q ,Z ) ,  
and i s  c a l l e d  t h e  "Atomic Form F a c to r 11
-5.4 E x p ress io n s  fo r  F (q ,Z )  and S(q ,Z )
The A ton ic  Form F ac to r  may be expressed  as (H ubbell ,  1975)
= J (c V-)  ^
OA L
i . e .  i t  i s  th e  F o u r ie r  Transform  o f th e  n e g a t iv e  
charge  d i s t r i b u t i o n  o f  the  atom.
F or  a s p h e r i c a l l y  symmetric atom, i n t e g r a t i o n  o f  e q u . (11) (Detye 1930) 
g ives
^  r l Ar   (»*)
J o
The in c o h e re n t  s c a t t e r i n g  f u n c t i o n ,  S (q ,Z ) ,  can be ex p re ssed  in  te rm s  
o f  a form f a c t o r  g e n e r a l i s e d  to  in c lu d e  e x c i te d  s t a t e s  (Brown 1966)
< fe\ £ ( L V r i ^ ° >
where €. i s  the  energy  of  an e x c i te d  ( o r  io n i s e d )  s t a t e .  S (q ,Z )  i s  th en
given by S (q ,Z ) = ^  ^Fc (q ,Z ) |  where th e  sum i s  taken to  mean
a sum ova" th e  d i s c r e t e  s t a t e s  and an i n t e g r a l  over th e  continuum s t a t e s ,
ex c lu d in g  th e  ground s t a t e  C =rO 
Hub b e l l  (1975) l i s t s  F (q ,Z ) and S (q ,Z ) f o r  1<=Z<=100.
F ig .3 .3 .  In-beam sca tter in g  (Rayleigh.)
I n c id e n t  Iho ton  
Beam
A bsorber
D e te c to r
Plane
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j
3 .5  C a lc u la t io n s  o f  E xperim en ta l S c a t t e r  from A bso rbe r.
3*5.1 Theory
Due t o  th e  sm all a n g le s  t h a t  a r e  in v o lv e d ,  o n ly  R ay le igh  s c a t t e r i n g  w i l l  
c o n t r i b u te  s i g n i f i c a n t l y  to  th e  t o t a l  s c a t t e r e d  d e te c te d  i n t e n s i t y .  The 
in c o h e re n t  s c a t t e r i n g  fu n c t io n  te n d s  to  zero  as  th e  a n g le s  approaches  ze ro  o r  th e  
e n e rg ie s  approaches  ze ro  (H ubbell ,  1975). F ig .  3 .3  shows th e  geom etry  t h a t  i s  
involved  in  th e  e x p e r im en ta l  r i g  used to  measure fL Using w ate r  c o n ta in e d  in  
p l a s t i c  p h i a l s  as th e  a t t e n u a t in g  medium, we s h a l l  c a l c u l a t e  th e  p r o b a b i l i t y  fo r  
a n o n -d iv e rg e n t  in c id e n t  beam of photons b e in g  s i n g l y  s c a t t e r e d  i n t o  th e  d e t e c t o r  
p la n e .
3 .5 .1 .1  C e n t r a l  Axis Beam
F i r s t  o f  a l l ,  s t a r t i n g  o f f  from th e  s im p le s t  c a se  o f  the  c e n t r a l  r a y ,  th e  
geom etry is  as sh o w  in f i g .  3.4-.
C ro s s - s e c t io n  s c a t t e r i n g  from th e  p o in t  A o n ly  onto th e  d e t e c t o r  
p l a n e , i s  g iven  by
In c id e n t  photon  beam.
V
I
I
I
I
F ig .  3 .4 .  Geometry o f  th e  c e n t r a l 'b e a m ,  showing th e  
l i m i t s  o f  i n t e g r a t i o n .
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A * *  t
^ d (A S )  = k (© )* F (q ,Z ) . dft --------- (1)
Now djtt. = 2Tx.h. dh . Cos(0O , CosOO = x1+ 1 
R*R * R
and R*= (x1+ i f  + i f  .
T h e re fo re  e q u . (1) can be w r i t t e n  as  
(*  a
! d(AS) = k (e )* F (q ,Z ) .2 n .h (x 1 +  1) .dh  (2)
* Je [(x1+ 1)*+ h ' ] 1*-
Taking th e  a t t e n u a t i o n  in s id e  th e  a b s o rb e r  i n t o  c o n s id e r a t io n
d(As)= f k(0-) *F(q,Z) ,27T.h(x1+ 1) .ex p (- |Jm (x 2 - l+ T )) .dh 
* Je C ("xi+' 'i)*-+“h*-  (3)
Now T = R ====*> T = 1 . I (x 1+ i f  + hv
1 x1+ 1 (x 1+ 1 )V
and k (9 )  = ro^O +C os (©0) = ro*‘ (1+(x1+ i f )
2 Rx
= ro1 (Rv +(x 1+ i f  )
a n
, d(AS) = I roFX(q ,Z )2 r rh [R x+(x1+ i f ]» (x 1 + l) .e x p [ - t tm (x 2 - l+ T )  ].dh 
A / 2 R* Ri ' -----(4)
l e t  y=x1+l {==^ dy = dl} t h e r e f o r e  R= J  (yi +h1*)
1 I (1+ i f
-J
and T = l . J T y V t f T
y
T h ere fo re
« d(AS) = K (E ,Z )*  f  hy*(2ya‘+h*‘ ) .exp[-U m (T-y) ] .dh
fl /  [y^+h*-]**
'/©
where K(E,Z) i s  a c o n s ta n t  fo r  a g iven  m a t e r i a l  energy  and i s  g iven  by 
K(E,Z) = /Tt.Fl( q ,Z ) . r o 2'.exp[-^hn(x1+x2)]
T h e re fo re  th e  c r o s s - s e c t i o n  fo r  an in c id e n t  photon to  be s c a t t e r e d  i n t o
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th e  d e t e c t o r  p la n e  due to a l l  p o in t s  i n s i d e  th e  
a b s o rb e r  a long  th e  c e n t r a l  beam p a th ,  can be w r i t t e n  as :
^ d U S )  = K(E,Z)< hy. (2yx +hx ) .exp[-jUm(T-y) l .d h .d y  
ly*+  h*35/a- (5)
3 , 5 , 1 , 2  O ff-C en tred  Beams
New fo r an o f f - c e n t r e d  beam th e  symmetry changes s l i g h t l y ,  and i s  shown 
in  F ig . s  3 . 5 - a , b , c  and d.
fo r  © <= ©1 i . e .  h+r <= d e q u . (5 )  s t i l l  s t a n d s .
fo r  ©1 < © < ©2 i . e .  d < h+r < d+r , e x p re s s io n  in s id e  th e
th e  i n t e g r a l  has to  m u l t i p l i e d  by th e  r a t i o  
o f  th e  chord le n g th  to  th e  c i r c u m fe re n c e , 
( s e e  f i g .  3.5c.)
But n o te  t h a t  fo r  th e  o f f - c e n t r e d  beam th e r e  i s  c y l i n d r i c a l  
symmetry so we have to  m u l t i p l y  i t  by 2.TT.
The r a t i o  
Chord le n g th  
C ircum ference
2a
2-TC.
a
TT
B
by the  use  o f  the  ’’Cosine Rule” , dr =r*'+hi ' - 2 . r . h .  Cos(a)
t h e r e f o r e  Cos(a) = r r +hv -d*  = f1 (say)
2 rh
th e r e f o r e
F i n a l l y  n o t i c e  t h a t  th e  upper l i m i t  o f  i n t e g r a t i o n  (w i th  r e s p e c t  to  h) i s  
d+ r ,  w ith  th e  v a lue  o f  B b e ing  u n i t y  fo r  h < = (d -r)  and given by e q u . (6 )  f o r
In c id e n t  photon  beam
A bsorber
02
D e te c to r
p la n e .
F ig 3 .5 .  Geometry o f  an O f f -c e n t r e d  beam, showing 
th e  l i m i t s  o f  i n t e g r a t i o n .
F
ig
.3.5 
Possible 
intersections 
of 
the 
base 
of 
the 
projected 
cone 
on 
the 
detector 
plane.
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h > ( d - r ) .
fo r  5 = 1  i f  r  rO.O 
& 21T. i f  r  >0 .0
3 , 5 . 1 . 3 .  The V a lu e ,o f  K(E,Z)
R etu rn ing  now to th e  va lue  o f  K (E ,Z ), which w i l l  g r e a t l y  s im p l i f y  
c a l c u l a t i o n s  b u t  which w i l l  n o t  make t h a t  much o f  a d i f f e r e n c e  to  th e  f i n a l  
r e s u l t ,  Jj., an assum ption i s  made a lthough  i t s  v a l i d i t y  c an n o t ex tend  much 
beyond 15 Kev. The Hydrogen-Oxygen bond l e n g th  i s  t y p i c a l l y  1 A, and so i f  
th e  w ater  m olecule i s  to  a c t  l i k e  a s i n g l e  s c a t t e r e r  then  th e  i n c i d e n t  pho tons  
w avelength  must be c o n s id e ra b ly  sm a l le r  th a n  t h i s  or t h e r e  w i l l  be in d e p en d en t  
c o n t r i b u t i o n s  from th e s e  two atoms and th e  c a l c u l a t i o n s  must be done 
s e p a r a t e l y  a id  th e  r e s u l t s  summed.
O
F or a 60 Kev pho ton , i t s  w avelength  i s  o n ly  0 .2  A, so assuming t h e  w a te r  
m olecule  to  be a whole u n i t  would o v e re s t im a te  th e  s c a t t e r i n g  p r o b a b i l i t y  i f  
th e  va lue  o f  F (q ,Z )  was based on t h i s .  However as  t h i s  does  n o t  s u b s t a n t i a l l y  
change th e  f i n a l  r e s u l t  even th e n ,  t h i s  i s  assumed.
The e x p re s s io n  f o r  AS can now be  w r i t t e n  as 
fieX
S =K(E,Z)*I I I k B.hy 2y*+h*~ .exp[-JULm<l(y +h ) -  y > ] .d h .d y .d r
" i - t i  J  [ y ^ t f - ] 5* y(j>)(jr-)
a.) Jhe value of for determination of U(scat)
inside a plastic phial, 2.02 cm. dia., containing water.
b) The value of for determination of U(scat)
inside a plastic phial, 2.02 cm. dia., containing water.
c)
The va lu e  o f A S  fo r  d eterm in in g-U (scat)
inside a plastic phial, 2.02 cm. dia., containing water.
A S ,
- 2 . 5 0
3 . 0 0 -
-1  .502 . 5 0 -
1 . 5 0 -
1 .0 0 -
E  AXIS *1
A X I S  * 1 0  
X, AXIS *10
- I S
5B
The value of A S  for determination of U(scat)
E) inside a plastic phial, 2.02 cm., containing water.
AS
3 . 0 0 -
2 . 5 0 -
2 .0 0 -
1 . 5 0 -
- 2 . 5 01 .0 0 -
50
-28
AS^ AXIS *10
AXIS * 1 0 E AXIS *'
F i g .3 .6  .
F i g . 3 .7 .  V a r ia t io n  of ASj ( fo r  no a b s o r p t io n  in s id e  the
w ater  a t t e n u a t o r )  a g a i n s t  th e  A b s o rb e r -d e te c to r  
p lan e  d i s t a n c e .
1 r -
5. 19.1 1 . 15.7.
A b so rb e r-D e te c to r  p la n e  d i s t .  (cm.)
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K(E,Z) = TC.F(q,Z).ro%xp[-Jim{x1+x2}*|
= T£. z \ r o * .  exp[-^m{x1+x2}]
= 2 .W 6 7 E -2 3  * exp[-Jttm{x1+x.2fl
E (Kev) 1 4 .0 14.7 17.0 17.8 2 6 .4 5 9 .6
Um ( /cm .) 2 .009 1.757 1.197 1.066 0 .460 0 .207
K ( * \ o 25 ’) 
cm*
3.6411 5.8317 20.6372 28.1327 98.5160 164.2234
T ab le  3 .1  shows the  v a lu es  o f  K(E,Z) f o r  w a te r  a t  v a r io u s  e n e r g i e s  o f  th e  
Am-241 i s o to p e .
F ig s .  3 . 6 - a . b . c .  and d. shows four d i f f e r e n t  i s o m e t r ic  p l o t s  o f  
a g a i n s t  th e  energy  fo r  d i f f e r e n t  a b s o r b e r - d e te c to r  d i s t a n c e s ,  f o r  a s t e p  s i z e  
o f  dh = d l  = 0 .005  cm. , x2 = 2 .0 2  cm. and d 1 = d = 0 .075  cm.
•
. . The d iv i s o r  in  eq u a t io n  (7) i s  equal to  0 .1515 cm2, 
th e r e f o r e  A.S = ASf /0 .1 5 1 5  cm2
By removing th e  e x p o n e n t ia l  te rm  from th e  above e q u a t io n s ,  th e  e f f e c t  due 
to  s c a t t e r i n g  on ly  w ith o u t th e  a t t e n u a t io n  i n s id e  th e  a b s o rb e r ,  can be shown. 
This  i s  im p r ta n t  in  s e e in g  j u s t  how much p a r t  i s  p layed  by a b s o rb e r  
a t t e n u a t i o n  from th e  s c a t t e r i n g  p o in t  o f  v iew . A f a c t o r  o f  a lm ost 100 a r i s e s  
due to  t h i s  in  th e  v a lu e  o f  AS^, and a p lo t  o f  AS  ^ vs. A b so rbe r-  d e t e c t o r  p la n e  
d i s t a n c e  i s  shown in f i g . 3 .7 .
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3»5«1, Results and Conclusion
Tab les  3 .2 a -d  shows th e  c o n t r i b u t i o n  to  th e  t o t a l  l i n e a r  a t t e n u a t i o n  
c o e f f i c i e n t  t h a t  can be a t t r i b u t e d  as t h a t  due to  photon s c a t t e r i n g ,  JH (sca t) ,  and 
two a d d i t i o n a l  columns a r e  inc luded  to  show what i t s  v a lue  would be i f  photon 
a b s o rp t io n  b e fo re  and a f t e r  s c a t t e r i n g  i n s id e  th e  a b s o rb e r  i s  n e g l e c t e d .  As 
ex p e c te d ,  th e  v a lue  o f  AS i n  th e  l a t t e r  c a se  i s  energy  in d e p e n d e n t ,  a s  i s  th e  
Thomson d i f f e r e n t i a l  c r o s s - s e c t i o n ,  and so i t s  value  i s  more dependen t on th e  r i g  
d im ens ions .  F i g . 4 .7  shows how the  v a lu e  o f  r  and d were a r r iv e d  a t  in  each  c a se  
where on ly  t h e  upper and lower p l a s t i c  s l i d e  s e p a r a t io n  d i s t a n c e s  (a  & b 
r e s p e c t i v e l y )  had to  be measured.
We expec t  th e  w orst c a se  t o  be when th e  d i s t a n c e s  invo lved  a r e  re d u c e d ,  b u t  
even then  t h i s  o n ly  p ro d ic e s  a f o u r th  f ig u r e  v a r i a t i o n  fo r  t h e  5 9 .5  keV p ho ton ,  
and t h i s  l e a d s  to  .2% o v e re s t im a te  by ex p e r im en t .  N e g le c t in g  th e  a t t e n u a t i o n  
in s id e  th e  ab so rb e r  to o  can on ly  produce an e r r o r  o f  .3%, so fo r  a l l  i n t e n t s  and 
purposes  c a l c u l a t i o n s  show t h a t  th e r e  i s  a n e g l i g i b l e  c o n t r i b u t i o n  from 
s c a t t e r i n g .
4 E xp er im en ta l  System
4.1 I n t r o d u c t io n
The s u b je c t  ’ I n t e r a c t i o n  o f  Gamma R ad ia t io n  w ith  M a t t e r 1 d e a l s  w ith  two 
a s p e c t s  —  th e  a t t e n u a t i o n  o f  gamma i n t e n s i t y  and th e  en e rg y  t r a n s f e r  to  th e  
i n t e r a c t i o n  medium. The second p o in t  i s  d e a l t  w ith  in  b i o l o g i c a l  s t u d i e s  when 
c o n s id e r in g  dosage l e v e l s  in a r a d i a t i o n  en v iro n m en t.  But th e  theme, o f  th e  
p r e s e n t  i n v e s t i g a t i o n  r e q u i r e s  knowledge o f  th e  form er a s p e c t  in  o rd e r  to  
t a c k l e  s e v e r a l  p r a c t i c a l  problem s. The ex p e r im en ta l  d e te rm in a t io n  o f  t o t a l  
l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  (be ing  th e  p ro d u c t  o f  th e  number o f  a b so rb e r  
atoms p e r  m3 and the  t o t a l  c r o s s - s e c t i o n  ( m2) p e r  atom) i s  u s u a l l y  made by 
perfo rm ing  sim ple  t r a n s m is s io n  measurements in  a narrow  beam geom etry . T h is  
n e c e s s i t a t e s  changes in th e  e x p e r im en ta l  a p p a r a tu s ,  and c o l l i m a t o r  d e s ig n s ,
fr
such t h a t  th e  l a r g e s t  an g le  o f  scatTfer ^  ing, CKmax), a f t e r  which th e  photon  can
y  I
s t i l l  r e a c h  th e  d e t e c to r  and c o n t r i b u t e  t o  th e  photopeak , i s  a minimum. 
Dependence o f  th e  c r o s s - s e c t i o n  w ith  th e  a b so rb e r  p o s i t i o n  can be t r a c e d  due 
to  th e  v a r i a t i o n  in  th e  v a lue  o f  ©-(max), ( s e e  'S c a t t e r i n g  C a l c u la t io n s  ' i n
c h a p te r -^ )*
B ut, a s  ex p ec ted ,  f o r  th e  p r e s e n t  s e t  up , th e  e x p e r im e n ta l ly  de te rm in ed  
v a lu es  o f  th e  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t  a t  d i f f e r e n t  a b so rb e r  p o s i t i o n s  
d id  no t show any d e t e c t a b l e  v a r i a t i o n s .  Hence th e  changes made in  th e  
g e o m e tr ic a l  a rrangem ent o f  th e  c o l l im a to r  s e t  up ( i . e .  th e  le n g th  and 
d iam ete r  o f  th e  c i r c u l a r  s l i t )  did no t need to  c o n s id e r  a b s o rb e r  p o s i t i o n i n g .
In  d e c id in g  upon a r a d io i s o to p e  as  th e  sou rce  o f  p h o to n s ,  t h e  main
d is a d v a n ta g e  to  contend  w ith  i s  t h e  g r e a t l y  reduced f lu x  when compared w ith  
say  an X -ray  tu b e  o u tp u t .  This  r e s u l t e d  in  a need t o  c o m t  fo r  e x t re m e ly  long 
•tim es (o rd e r  o f  thousands  o f  seconds) s o  t h a t  th e  s t a t i s t i c a l  a c c u ra c y  i s
m a in ta in e d .  I t  shou ld  be no ted  though t h a t  t h i s  d id  no t le a d  to  n o t i c e a b l e
channel d r i f t  on th e  m u l t i - c h a n n e l  a n a ly s e r  (MCA).
4 . 2  The Source -  Am-2^1
The ch o ice  o f  a r a d io i s o to p e  i s  b a se d ,  n o t  on i t s  ch em ica l form , b u t  on 
i t s  e n c a p su la t io n  and w ith  i t s  q u a n t i t y  and q u a l i t y  o f  r a d i a t i o n  e m i t t e d .  The 
b a s ic  c o n s id e r a t io n s  in  th e  d es ig n  o f  any r a d i a t i o n  s o u rc e s  a r e  as  fo l lo w s  
(TRC manual Ch.*D - -
( i )  The r a d i a t i o n  e m it te d  must have th e  d e s i r e d  c h a r a c t e r i s t i c s .  T h is  i s
o
dependent on th e  c o n s t r u c t io n  and d im ensions as w ell as t h e  r a d i a c t i v e
m a te r i a l  o f  th e  s o u rc e ,  e . g .  s e l f - a b s o r p t i o n  o f  gamma’s o r  unwanted
brem sst rah  lung from h igh  energy  p -  em ission  cou ld  r e s u l t .
( i i )  Source must be he ld  s e c u r e ly  w h ile  l e t t i n g  r a d i a t i o n  e s c a p e .
( i i i )  The chem ical and p h y s ic a l  form o f  the  r a d io a c t i v e  m a t e r i a l  should  
be such t h a t  i t  w i l l  n o t  d i s p e r s e  e a s i l y  i f  th e  c a s in g  i s  b ro k en .  I t  shou ld  
have a low s o l u b i l i t y ,  shou ld  n o t  be a f i n e  powder and must n o t  r e a c t  
c h e m ic a l ly  w ith  m a te r i a l  o f  th e  c a p s u le .
( iv )  The c ap su le  dim ensions must c l o s e l y  adhere to  low t o l e r a n c e s  so t h a t  
mounting and sou rce  rep la cem e n ts  can be c a r r i e d  ou t q u ic k ly  and e a s i l y .
Tungsten  a l l o y
S t a i n l e s s  s t e e l
A c tiv e  ceram ic
B ery llium  window
10.8
F i g . 4 .1 .  C o n s tru c t io n  o f  the  Am-241 s o u rc e .  A ll  d im ensions
a re  i n  m i l l i m e t e r s .  (Not to  s c a l e ) .  (TRC R a d ia t io n  s o u rc e s  
1977/8 P g .3 9 .)
86
a
o.
Ch a n n e l  n umbe r
bow i n t e n s i t y  p e a k s  o f  t h e  Am-241 s p o r t  rum
20
,05
0.0
C h a n n e l  nu mb e r250
F i g . 4 .2 .  Am241 spectrum  from sou rce  w ith  f r o n t  b e r y l l iu m  window.
& (v) Each source must be c l e a r l y  l a b e l l e d .
| ■
An Am-241 source  i s  chosen because  o f  i t s  long  h a l f - l i f e  (30  y e a r s )  h igh
c.s p e c i f i c  a c t i v i t y  (100 mCi) and beause  o f  i t s  numerous low energy  peaks
A
e x te n d in g  from 10 t o  60  Kev. I t  i s  s t e e l  e n c a p su la te d  and has a f r o n t  
B ery llium  window 1 mm t h i c k  (TRC code AMC13146). F i g . 4 .1  shows th e  
c o n s t r u c t io n  o f  t h i s  sou rce  where th e  r a d io a c t i v e  Am-241 i s  embedded in  a 
ceram ic m a t r ix .  The d iam ete r  o f  th e  a c t i v e  a rea  i s  7.2mmt b u t  th e  narrow  beam 
geom etry req u ire m en ts  meant t h a t  o n ly  1 .5  mm(^diameter ( o f  t h e  sou rce  
c o l l im a to r  ^ o u ld  be used from i t ) .  TRC q u o te s  t h a t  fo r  t h i s  s o u rc e ,  a nominal 
100 mCi co r re sp o n d in g  t o  an em ission  r a t e  o f  67*'ofc p h o t o n s / s / s t r . , f o r  th e  
p a r t i c u l a r  so u rce  used h e r e ,  t h e i r  measurement check gave a f i g u r e  o f  74 .4* \cf  
p h . / s e c / s t r .  meaning th e  sou rce  i s  a c t u a l l y  111 mCi. The photon o u tp u t  was 
measured over a 2fY  s te r a d i a n  a n g le  (TRC, p r iv a t e  com m unica tion),  and th e  
r e s u l t  th e r e in  o b ta in e d  was simply d iv id ed  by 2TT', quoted on a s o u rc e  t e s t  
r e p o r t  and th e  d is p a tc h e d  w ith th e  so u rce  to  th e  cus tom er.  T h is  f i g u r e  i s  
expec ted  to  be in  e r r o r  as i t  does  n o t  ta k e  in to  c o n s id e r a t io n  th e  monel m e ta l  
l i p  h o ld in g  th e  Be window, im ply ing  a lower o u tp u t  r a t e  a t  a n g le s  f a r  from th e  
normal o f  the  f r o n t  f a c e .  F i g . 4 .2  shows th e  spectrum  which t h i s  so u rce  g iv e s  
as measured by a S i ( L i )  d e t e c t o r .
4 . 3  D e te c to r  and th e  A nalys is  System
A b lo c k  diagram  of th e  d e t e c t i o n  system  i s  shown in  f i g . 4 .3 .  The 
d e t e c t o r  i s  a L ith ium  d r i f t e d  S i l i c o n  L S i (L i ) j  ty p e ,  coo led  t o  l i q u i d  n i t r o g e n  
te m p era tu re  by a cold f in g e r  ex ten d in g  from i t  to  a c r y o s t a t .
OUI
OUT
A M P L I F I E R
P o w e r  .c a r t e
S U P P L Y
S C O P E
MULT I -
C H A N N E L
A N A L Y Z E R
F i g . 4 .3 .  Block diagram o f  th e  d e t e c to r  system .
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F i g . 4 .4 .  Schematic d iagram  of th e  P u lsed  O p t ic a l  Feedback (OFB) 
p r e a m p l i f i e r  and waveform.s •
4.3*1 The S i ( L i )  Low Energy Photon D e te c to r
F o r  photon e n e rg ie s  l e s s  th a n  100 keV, th e  S i ( L i )  d e t e c t o r  i s  s u p e r io r  
to  G e(Li) d e t e c t o r s  in te rm s  o f  r e s o l u t i o n  and e f f i c i e n c y .  >
The p ro d u c tio n  o f  p u ls e s  a r i s e s  due to  th e  f a c t  t h a t  an 
e x t e r n a l l y  a p p l ie d  b ia s  v o l t a g e  e n ab le s  t h e  c o l l e c t i o n  o f  e l e c t r o n -  h o le  
p a i r s ,  th e  numbers o f  viiich i s  p r o p o r t i o n a l  to  th e  incoming photon en e rg y .  
A ccording to  th e  band th e o ry  o f  s o l i d s  th e  allow ed e l e c t r o n  e n e rg y  l e v e l s  
in  a sem iconductor  a r e  packed i n t o  bands . The conduction  bands l i e s  above 
th e  v a le n c e  band and i s  s e p a ra te d  from i t  by a fo rb id d en  en e rg y  gap Eg 
[1 .1 2  eV f o r  S i  and 0 .6 7  eV f o r  Ge]. The va lence  band i s  c o m p le te ly  f u l l ,  
and hence t h e  conduc t ion  band i s  t o t a l l y  empty a t  O K ,  and a t  h ig h e r  
te m p e ra tu re s  th e  e l e c t r o n  p o p u la t io n  in  th e  conduc t ion  band i s  governed  by 
th e  Boltzman f a c t o r  ex p [-E g /k T j,  where k i s  th e  Boltzman c o n s ta n t  and T i s  
a b s o lu te  te m p e ra tu r e .
One o f  th e  main advan tages  o f  t h i s  d e t e c to r  i s  i t s  v e ry  low work 
f u n c t i o n ,  which i s  3*7 e V /e ’- h o le  p a i r  f o r  Si and 2 .9  e V /e f- h o l e  p a i r  fo r  
Ge. O ther advan tages  a re
i )  s m a l l ,  can p a c t  and co n v en ien t  s i z e ,  
i i )  f a s t  (few n s e c . )  r i s e  tim e o f  o u tp u t  p u l s e ,  
i i i )  l i n e a r  re sp o n se  over a wide range  o f  en e rg y ,  
iv )  e x c e l l e n t  energy  r e s o l u t i o n ,  
v) cho ice  o f  s e n s i t i v e  d ep th ,  a re a  and geom etry.
o n a p te r  h e x p e r im e n ta l  system
-4 . 3 . 1 . 1  S p ec tro m ete r  S p e c i f i c a t io n s
A ctive  A rea ..................................... .............................................................  25 sq.mm.
A ctiv e  T h i c k n e s s . ....................................... .............................................  6 ram.
Window T h i c k n e s s . ......................................... .................................... 0 .0 0 2  i n .  Be
Peak/Background r a t i o
( i . e .  h e ig h t  o f  th e  5 .9  keV o f  Fe55 d iv id ed
by th e  backgro ind  l e v e l  a t  1 keV e n e r g y ) .............................. 3 t 000/1
Energy R eso lu t io n  (FWHM)
i )  @ 6 keV.............................................................................. .............. 152 eV
i i )  § 60 keV....................... ............. ....................................................  4 1 0 "  eV
L - J
Shaping Time C onstan t
i )  § 6 keV...................................................................................    12 u s e e .
i i )  § 60 keV..............................................................      8 u s e e .
O p era tin g  b i a s ....................................................... ..................................... -9 0 0  V o l t s .
With r e s o l u t i o n  a s  low as 150 ev FWHM a t  6 Kev, t h e  Si (L i)  d e t e c t o r  
makes i t  p o s s i b l e  to  r e s o lv e  a l l  K X -rays  o f  a l l  e lem en ts  w ith  th e  
atom ic number, Z, g r e a t e r  th an  6 (K .B arfo o t ,P h .D . t h e s i s  1980). I t  was 
t h i s  h ig h  r e s o lu t io n  which t r i g g e r e d  o f f  th e  f i e l d  o f  m a t e r i a l s  a n a l y s i s  
by PIXE s p e c tro s c o p y .
4 . 3 . 2  The P re a m p l i f ie r
The o u tp u t  from a d e t e c to r  i s  a sm all  ch a rg e  p u l s e .  I t  i s  n e c e s s a ry
to  p r e c o n d i t io n  th e  o u tp u t  so t h a t  i t  can be u t i l i z e d  in  a l i n e a r  a m p l i f i e r
system . The l a t t e r  p ro v id e s  th e  n e c e s s a ry  p u lse  shap ing  and a m p l i f i c a t i o n
re q u i r e d  fo r  use  w ith  th e  m easuring u n i t .  A p r e a m p l i f i e r  i s  i n s e r t e d
im m edia te ly  a f t e r  th e  d e t e c to r  t o  p ro v id e  i n t e g r a t i o n  o f  th e  ch a rg e  o u tp u t
o f  th e  sem iconductor ( o r  any o th e r  ty p e )  d e t e c t o r .  The o u tp u t  o f  th e
?p r e a m p l i f i e r  i s  connected  to  p u lse  shap ing  main a m l i f i e r s .  Impedance
A
T
m atching  between th e  d e t e c to r  o u tp u t  and th e  p u ls e  s h a p in g  and a m l i f i e r
a
s ta g e  t h a t  fo l lo w s  is  p rov ided  by th e  p r e a m p l i f i e r .  C onnec ting  th e  preamp 
as  c lo s e  as p o s s ib le  to  th e  d e t e c t o r  i n c r e a s e s  th e  s ig n a l  to  n o is e  r a t i o .
The charge  s e n s i t i v e  p r e a m p l i f i e r  has become w id e ly  a c c e p te d  as th e  
optimum amp fo r  use w ith  th e  sem iconductor  r a d i a t i o n  d e t e c t o r s .  M ainly  
t h i s  has come about because th e  e f f e c t s  on p u ls e  h e ig h t  o f  v a r i a t i o n s  in  
th e  impedence o f  th e  sem iconductor d e t e c t o r s  a re  m inim ised by th e  low Ain p u t  
impedence o f  th e  ch a rg e -  s e n s i t i v e  p r e a m p l i f i e r .  In  a d d i t i o n  i t  a c t s  as  a 
l o c a l  low pass  f i l t e r ,  b u t  t h i s  a c t io n  i s  u s u a l l y  c a n c e l le d  by a su b se q u en t 
h ig h  pass  f i l t e r  -  e i t h e r  a CR o r  a d e la y  l i n e  ( 6 ) .
The charge s e n s i t i v e  p r e a m p l i f i e r  i s  a l so  used where t h e  d e t e c t o r  
c a p a c i ta n c e  i s  l i k e l y  to  change w ith  t h e  o p e r a t in g  p a r a m e te r s ,  i . e .  when 
p u lse  h e ig h t  is  n o t  p r o p o r t io n a l  to  th e  ch a rg e  c o l l e c t e d  in  t h e  v o l t a g e  
s e n s i t i v e  p r e a m p l i f i e r .  This  i s  assuming t h a t  th e  d u r a t i o n  o f  th e  p u ls e  i s  
v ery  sm all compared w ith th e  tim e c o n s ta n t  o f  th e  decay  r a t e  o f  th e  t a i l  o f  
th e  o u tp u t  p u l s e .
The SEFORAD SR-205, a h ig h -p e r fo rm an ce ,  c h a r g e - s e n s i t i v e  p r e a m p l i f i e r
w ith  a p u lsed  o p t i c a l  feed b a ck ,  i s  th e  u n i t  used with t h e  s e t - u p  d e s c r ib e d  
su b s e q u e n t ly .  The a c tu a l  perform ance depends to  a l a r g e  e x t e n t  on i t s  
f i r s t  c o o l in g  s t a g e ,  b u t  th e r e  a r e  two f e a t u r e s  which j u s t i f i e s  i t s  u s e -  i t  
has a v e ry  f a s t  p u ls e  r i s e  t im e ,  which i s  im p o r tan t  fo r  t im in g  measurements 
and f o r  good perform ance a t  h ig h  c o u n t in g  r a t e s ;  and i t - h a s  a l i n e a r  
perform ance over a l a r g e  dynamic o p e ra t in g  r a n g e .
4 . 3 .2 . 1  P r in c i p l e  o f  O pera tion
The f u n c t io n  o f  th e  p r e a m p l i f i e r  i s  to  c o n v e r t  v e ry  sm all  ch a rg e  
p u ls e s  i n t o  v o l ta g e  p u l s e s ,  t h e  former being g e n e ra ted  in  th e  d e t e c t o r  
volume by e i t h e r  X- o r  fc-ray p h o to n s .  The convers ion  sh o u ld  be f a s t ,  
l i n e a r  and w ith  th e  minimum a d d i t io n  o f  n o i s e .  The ch a rg e s  a r e  
i n t e g r a t e d  by th e  feedback  c a p a c i t o r  C (f)  ( s e e  f i g . ^ .M ) .  T h is  
accum ula tion  in  C (f)  f o r c e s  th e  o u tp u t  o f  th e  p r e a m p l i f i e r  to  i n c r e a s e  
u n t i l  i t  c r o s s e s  a predeterm ined  upper l e v e l .  When t h a t  i s  reac h ed  a 
w e ll  p laced  LED i s  tu rn e d  on and th e  l i g h t  i s  shone on an exposed g a te  
channe l ju n c t io n  o f  th e  in p u t  FET.
The FET then  becomes pho toconduc tive  and C (f)  d i s c h a rg e s  v e ry  f a s t  
to  th e  low l e v e l ,  and a new c y c le  i s  re a d y  to  b e g in .  To reduce  t h e  
p r e a m l i f i e r  n o is e  to  minimum, th e  f i r s t  s t a g e ,  a JFET, i s  mounted c lo s e
A
t o  th e  d e t e c to r  in s id e  th e  c r y o s t a t  and so a s t e a d y - s t a t e  te m p e ra tu re  i s  
achieved  between i t s  power d i s s i p a t i o n  and th e  th e rm al c o u p l in g  o f  th e  
co ld  f i n g e r .
Due to  th e  h ig h  in p u t  impedance o f  th e  co ld  JFET i n  t h e  preamp
t
i n p u t ,  th e  c u r r e n t  f lo w  i n t o  th e  p r e a m l i f i e r  can be n e g l e c t e d .
T h e re fo re  d e t e c t o r  g e n e ra te d  c h a rg e s ,  i . e .  le ak ag e  c u r r e n t  p lu s
i
e l e c t r o n - h o l e f s charges  produced by th e  r a d i a t i o n ,  shou ld  be n e u t r a l i s e d  
by th e  induced charges  from th e  feedback  c a p a c i to r  C ( f ) .
That i s  :
q ( in )  = C ( f ) .  S V ( o u t )  (1)
Where fiV(out) i s  th e  change in  t h e  o u tp u t  v o l t a g e .
The an o in t  o f  charge  which w i l l  accum ula te  a f t e r  t  seconds  i s :
R(E)*E«e*dE --------  (2)
<e>
where
1(d) i s  th e  d e t e c t o r  le akage  c u r r e n t  (<1 ,x-\6 amps)
R(E) i s  th e  average  no. o f  c o u i t s / s e c .  a t  energy  E 
E i s  th e  energy  l o s t  in  th e  d e t e c to r  volume.
<e> work fu n c t io n  o f  th e  d e t e c t o r  ( 3 .7  eV f o r  S i ( L i )  ) 
e i s  th e  ch arge  on an e l e c t r o n  = 1.6x10 coulomb.
As th e  ch arge  b u ild  up a c ro ss  th e  c a p a c i t o r ,  v (o u t )  i n c r e a s e s .  The 
pu lsed  o p t i c a l  feedback  (OFB) r e s t o r e s  th e  o u tp u t  v ( o u t )  whenever i t  
c r o s s e s  a p rede te rm ined  upper l e v e l .  As soon as th e  o u tp u t  c r o s s e s  t h i s  
l e v e l  th e  LED, mounted c lo se  t o  th e  in p u t  FET in s id e  th e  c r y o s t a t ,  i s  
tu rn e d  on. The l a t t e r  i t s e l f  i s  p laced  such t h a t  th e  l i g h t  i s  shone on 
i t s  g a te -c h a n n e l  j u n c t io n .  T h is  l i g h t  g e n e ra te s  a l a r g e  p h o t o e l e c t r i c  
c u r r e n t  in  th e  o p p o s i te  d i r e c t i o n  t o  th e  cha rges  coming from th e  
d e t e c t o r .  As C (f)  d isch a rg e s  and th e  o u tp u t  d rops  to  a p red e te rm in ed  
low er l e v e l  in a few m icroseconds , th e  LED i s  tu rn e d  o f f  and a new c y c le  
b e g in s .  W ith in  th e  r e s e t  t im e ,  a lo g i c  o u tp u t  p u ls e  (INHIBIT) i s  
g e n e ra te d  to  b lock  th e  co u n tin g  system . Henoe th e r e  i s  a c e r t a i n  amount 
o f  dead -t im e  lo s s  because o f  th e  r e s e t  p u ls e s  and t h i s  can be 
approx im ated :
1 ( d ) * t  + t*J
S e t t i n g  e q u . ( 1 )  & (2) above to  be e q u iv a le n t  we have now
i
q ( in )  = 11 ( d ) + I ( r )  ]* t  = C ( f ) « S v ( o u t )  (3 )
where I ( r )  i s  th e  av e ra g e  c u r r e n t  g e n e ra te d  by th e  en e rg y  d e p o s i t i o n  by 
th e  incoming r a d i a t i o n  in s id e  th e  d e t e c t o r .
i . e .  I ( r )  = e f E. R ( E ) . d E  (4)
<e> J
assuming t h a t
S v (ou t)  r  upper l e v e l  -  lower l e v e l  v o l ta g e  = 4 V
C (f)  = 0 .2  pF
1(d) = 1 .xicf’3 Amps
Then t  due to  th e  d e t e c t o r  le ak ag e  c u r r e n t  o n ly  i s
= C (f )  » S v (o u t)  = 2 «x\o~>3 » 4 .
1(d) 1.x lo"1?
= 8 s e c .
Assuming an x - r a y  d e t e c to r  c o i n t i n g  30 ,000  coun ts  per  second o f  10 keV 
photons  then
I ( r )  = ( 1*6x10-*?) M I . k i p ! ) * ^ . * ^ )
3 .7
= 1 .3 M ° "  Amp
and
t  ~ (2.*1C>*3 )«4. = 0 .062  se c
1 . 3 x 1 0 ' "
Hence th e  c o n t r i b u t i o n  t o  t h e  dead tim e o f  th e  system  due t o  th e  
le ak ag e  c i r r e n t  can be n e g le c te d .  Although th e  d u r a t io n  o f  th e  r e s e t  
p u ls e s  i s  about 20 u s e e ,  the  t im e  needed fo r  t h e  main a m p l i f i e r  to  
reco v e r  a f t e r  each  r e s e t  p u lse  i s  much g r e a t e r .  O ften between 40-50 
tim es  th e  shap ing  tim e c o n s ta n t  o f  th e  main a m p l i f i e r .
So th e  dead tim e o f  th e  system  w ith  an 8 u s e e .  , sh a p in g  tim e 
c o n s ta n t  i s  (40*8 u s e c . ) / ( 6 2  m sec .) ]* 1 0 0 .  = 0.52%. T h is  ty p e  o f  dead
tim e lo s s e s  i s  c o r r e c t e d  by a p p ly in g  th e  INHIBIT p u ls e  from th e  preamp
t o  the  a n t i - c o in c id e n c e  in p u t  o f  th e  m u l t i - c h a n n e l  a n a ly z e r .
4 . 3 . 2 .
S ig n a l  in p u t  
T e s t  in p u t  
S ig n a l  o u tp u t  
Performance
R ise tim e
Open lo o p  g a in
Charge
s e n s i t i v i t y
The SEFORAD SR-205 S p e c i f i c a t i o n s .
N egative  charge p u ls e s  up t o  abou t 
6 p ico-coulom b (approx . 120 Mev)
F a s t  n e g a t iv e  p u lse s  th rough  th e  
i n t e r n a l  c a p a c i ta n c e  o f  th e  d e t e c t o r .
P o s i t i v e  p u lse s  in v e rs e  o f  the  
i n p u t .
Due to  th e  n e g l i g i b l e  n o is e  c o n t r i ­
b u t io n  from a l l  s ta g e s  ex ce p t th e  in p u t  
FET, th e  preamp perform ance depend* on 
th e  q u a l i t y  o f  the  in p u t  FET o n ly .  For 
S i ( L i )  d e t e c t o r s  w ith  C(f)= 0 .5  pF th e  
FWHM n o is e  = 80 eV i s  s ta n d a rd  fo r  s e l ­
ec ted  FET a t  8 u se e ,  sh ap in g  tim e 
c o n s ta n t .
<10 n se c .  f o r  1 pF i n  th e  i n p u t ,
<18 nsec  fo r  20 pF i n  th e  i n p u t .
>40,000.
0 .2 -1  v o l t s /p C  depending  on th e  
feedback  c a p a c i t o r .
Page 89 C hapter 4 E xperim en ta l  System
I n t e g r a l  < 0 .0 2  % w ith in  t h e  o p e r a t in g  range
n c n l i n e a r i t y
Temperature <50 p p n / *C
R e je c t  o u tp u t  TIL c o m p a tib le .  A d ju s ta b le  d u ra t io n
from 20 u s e e ,  t o  600 u s e e .
Power +24V 20mA, -24V 10mA,
+1 2V 10mA, -12V 20mA
Size 1 2*8*4 cm**3
We ig h t 350 gms.
4 . 3 . 3  Main A m p lif ie rs
The main a m l i f i e r  f u r t h e r  in c r e a s e s  t h e  s ig n a l  from th e  preamp so t h a t  i t  
A
can be used w ith in  th e  dynamic o p e ra t in g  range  o f  th e  system . L in e a r  a m p l i f i e r s
a r e  r e q u i r e d  to  ensure  t h a t  th e  r e l a t i o n s h i p  between th e  in p u t  and o u tp u t  s i g n a l s
i s  m a in ta in e d .  To measure in d iv id u a l  s i g n a l s ,  independen t o f  th e  p re v io u s  o n e s ,
th e  s i g n a l  decay time must be re a s o n a b ly  s h o r t  compared w ith  th e  in p u t  r e p e t i t i o n
r a t e  in  o rd e r  t o  reduce  p i l e - u p  d i s t o r t i o n .  In  a d d i t i o n ,  t o  be p r o p o r t i o n a l  to
am plitude  o f  th e  s ig n a l  from the  p r e a m l i f i e r  (and t h e r e f o r e  th e  ch a rg e  from th eA
d e t e c t o r )  th e  d u ra t io n  o f  th e  o u tp u t  s ig n a l  from th e  a m p l i f i e r  must be lo n g e r  
than  t h e  r i s e  tim e o f  th e  in p u t  p u l s e .
P u ls e  shap ing  c i r c u i t s  a re  a v a i l a b l e  to  ensure  th e  s p e c i a l  c h a r a c t e r i s t i c s
i
r e q u i r e d  f o r  in d iv id u a l  a p p l i c a t i o n s .  The most common p u lse  sh ap in g  methods a r e :  
a )  RC s h a p in g ,  b) S in g le  Delay L ine  sh ap in g ,  c )  Double Delay L in e  s h a p in g ,  and d) 
G aussian  sh a p in g ,  (KnoW, IVfa).
An EG&G Ortec 572 a m p l i f i e r  was used fo r  th e s e  m easurem ents, and t h e  s e t t i n g  
on i t  b e in g  k ep t c o n s ta n t  r i g h t  th ro u g h o u t th e  work. I t  h as  a g a in  range  
c o n t in u o u s ly  a d ju s t a b le  from 1 t o  1500 and allowed a G aussian p u ls e  sh ap in g  on 
a l l  r a n g e s .  The s e t t i n g s  fo r  t h i s  a r e  k ep t  c o n s ta n t  a t  a f i n e  g a in  o f  1 1 .4 ,  
c o rse  g a in  a t  100 and shap ing  tim e o f  1 u se e .  So th e  count r a t e s  a r e  o n ly  
dependent on th e  s o u rc e -  d e t e c to r  d i s t a n c e s  and th e  ty p e s  o f  a b s o rb e r ,  w i th  th e  
maximum encoun te red  r a t e  be ing  o n ly  200 c . p . s .  fo r  th e  whole sp ec tru m , c r e a t i n g  
l i t t l e  problem f o r  th e  a n a ly s e r  in  h a n d l in g .
. 4 .3 .4  P u lse  H eight A n a ly se r ,  (PHA)
I n  th e  PHA mode, a t r a i n  o f  p u lse s  from th e  d e t e c t o r /  a m p l i f i e r  i s  in p u t  to  
th e  a n a l y s e r .  These p u ls e s  have am plitudes  (h e ig h t s )  which v a ry  in p r o p o r t i o n  t o  
th e  e n e rg ie s  o f  th e  in c id e n t  r a d i a t i o n  t h a t  was absorbed by th e  d e t e c t o r .  By 
c o u n t in g  th e  number o f  o c c u r re n c e s  o f  p u ls e s  w i th in  a l im i t e d  range  o f  h e i g h t s ,  
and form ing a h is to g ra m ,  th e  a n a l y s e r ’ scope i s  a b le  to  d i s p l a y  th e  ene rgy  
spec trum  in c id e n t  on th e  d e t e c t o r .
The p r e s e t  i s  a d ju s te d  to  count on c lo c k  t im e ,  ( r a t h e r  th a n  l i v e  t im e  o r  
f ix e d  count mode), so t h a t  dead tim e c o r r e c t i o n s ,  though n e g l i g i b l e  anyway due to  
th e  low count r a t e s  o b ta in e d ,  a r e  n o t  n e c e s sa ry .  A Traoor N o rthe rn  TN-1705 i s  
used fo r  a l l  measurements o b ta in e d  fo r  t h i s  work.
4 . 3 . 5  The A t te n u a t io n  Rig
F i g . 4 .5  shows th e  c o l l im a t in g  a t t e n u a t i o n  r i g  when th e  p a r t s  a r e  d is m a n t le d .  
On th e  power p a r t  o f  th e  p i c t u r e  in  f r o n t  o f  th e  l a r g e  perspex  r i g  b ase  a r e  shown 
(from l e f t  to  r i g h t )  th e  a lignm ent g u id e ,  th e  so u rce  cap ,  th e  so u rc e  c o l l im a to r  
and th e  d e t e c t o r  c o l l im a to r .  The d e t e c t o r  c r y s t a l  i s  housed a t  th e  t o p  o f  an 
open s t e e l  c y l i n d e r ,  4mm. below a t h i n  (2 /1000  i n . )  B e ry l l iu m  window. The head 
o f  t h i s  c y l in d e r  p ro t ru d e s  (5 -8  cm.) from a c i r c u l a r  h o le  c u t  on th e  t a b l e  to p .
The sandwiched perspex  r i g  base i s  p la ced  from the  above such t h a t  th e  
d e t e c t o r  head i s  ro u g h ly  c e n t r a l  to  i t s  own h o le ,  and th e  e x te n d in g  aluminium arm 
from i t  a r e  lo o s e ly  clamped so t h a t  h o r i z o n t a l  movement o f  th e  base  i s  s t i l l  
p o s s i b l e .
Next the  a l ignm en t gu ide  i s  s l ip p e d  on t o  th e  d e t e c to r  h ead .  But i f  a s  i s  
ve ry  p o s s i b l e ,  th e  head i s  n o t  e x a c t ly  c o n c e n t r ic  to  th e  r i g  b a s e ,  th e n  t h e  g u ide  
w i l l  o n ly  move v e r t i c a l l y  down by 0 .5  cm. So th e  base  i s  now f i n e l y  a d ju s te d  by 
moving th e  aluminium arms j u s t  enough to  o r i e n t a t e  th e  two c e n t r e s ’ t o g e t h e r .  At 
t h i s  p o i n t ,  th e  gu ide  w i l l  v e ry  e a s i l y  s l i d e  down th e  r e s t  o f  th e  way to  t h e  l i p  
o f  the  b a s e .  The aluminium arms a re  now f i r m ly  c lasped  by t i g h t e n i n g  th e  fo u r  
s c re w s .
The source  and a b so rb e r  h o ld e r  w i l l  now s i t  in  th e  l a s t  b ase  s l o t  w i th  t h e  
sou rce  and th e  d e t e c t o r  a l ig n e d  a x i a l l y  w ith  a to l e r a n c e  o f  + / -  1 / 5 0 th  mm.
F i g . 4 .6  shows th e  f i n a l  s e t - u p  b u t  w ith  t h e  a b s o rb e r  s l i d e  h o ld e r  removed. 
F i g . 4 .7  shows an end e l e v a t io n  view o f  t h i s  p i c tu r e  w ith  a s o l u t i o n  c o n t a in in g  
p h i a l ,  a s  an exam ple, he ld  so th a t  th e  d ia m e te r  i s  th e  p a th  l e n g t h .  The f ix e d  
d im ensions a r e  a l s o  showi on t h i s  d iag ram , th e  sou rce  and th e  a b s o rb e r  s l i d e
Fig .  4 .5 .  The Si (Li) d e t e c t o r  and the c o l l i m a t i n g  
equ ipm ent .
F i g . 4.6* The a l l i g n e d  source  and d e t e c t o r  
i n  p o s i t i o n  to  coun t .
3.11
3.45
2.33
F i g . 4 .7 .  End e l e v a t i o n  of tlie  S o u rce -A b so rb e r-D e tec to r  p o s i t i o n i n g ,  a
s o l u t i o n  a b so rb e r  i s  sbown; as an example and a l l  d im ensions a r e  i n  
c e n t im e te r s .  (Not drawn to  s c a l e ) .
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b e in g  f u l l y  a d j u s t a b l e  in  t h e  v e r t i c a l  d i r e c t i o n .
4 . 4  A bsorber Specimens
These were e i t h e r  in  a s o l id  or l i q u i d  form . The l a t t e r  were always a s a l t  
d is s o lv e d  in  w a te r .  The former were o f  two ty p e s ,  e i t h e r  f o i l s  or a s o l i d  formed 
from a powder c ru shed  i n s id e  a s t e e l  dye m d e r  » 7000tonnes/m 2 p r e s s u r e  which 
formed a s o l id  c y l in d e r  o f  f ix ed  d iam ete r  b u t  v a ry in g  le n g th s  (used as t h e  photon 
p a t h ) .  T h is  le n g th  depended on th e  amount o f  powder used and th e  p r e s s u re  
a p p l i e d ,  which meant t h a t  th e  d e n s i t y  o f  samples o f  the  same s a l t  cou ld  n o t  be 
gu a ren teed  to  be th e  same. A check was a lso  done on th e  d e n s i t y  v a r i a t i o n  w ith
d i s t a n c e s  from th e  c e n t r e  o f  th e s e  samples in  case  th e  i n t e n s e  p r e s s u r e  under
which i t  was c r e a te d  was n o t  even . This  was done by u s in g  a b a k e l i t e  sample o f
about 0 .5  cm. t h i c k  and then  c u t t i n g  away 4 mm. d ia m e te r  s e c t i o n s  a t  known
d i s t a n c e s  from th e  c e n t r e  and m easuring  t h e i r  d e n s i t i e s  by th e  u s u a l  w e ig h t  and 
volume method.
Now fo r  t h e  whole a b s o rb e r ,  i t s  d e n s i t y ,  
and fo r  th e  c u t  -sample,
where m & V a r e  t h e i r  mass & volume r e s p e c t i v e l y .
Krcm com bination  e r r o r s ,  th e  observed e r r o r  in  a measurement o f
o f  d e n s i t y ,  dp, i s  g iven by
An<\ d en o tin g  th e  r a t i o  y g iven by
rage yy Chapter 4 Experimental System
so a p lo t  o f ( y  + / -  d y )v s .  d ,  where d i s  th e  d i s t a n c e  o f  t h e  c e n t r e s  o f
sam ples ,  would show i f  t h e r e  was an uneven d i s t r i b u t i o n  o f  p r e s s u r e s  i n s i d e  t h e
s t e e l  dye. The a b s o lu te  d e n s i t y  o f  each  samples would be e x p ec ted  to  v a ry
between each  o f  th e  newly formed sam ples .  But th e  d i f f e r e n c e s  between th e
p a re n t s  and th e  c u t  away s e c t io n s  should  show no s i g n i f i c a n t  d i f f e r e n c e s ,  and
vot to
f i g . 4 .8  p l o t s  t h i s  d is c re p a n c y  in  t h e  d e n s i t i e s  a s  a .. a g a i n s t  t h e
d i s t a n c e  from th e  c e n t r e .  A t - d i s t r i b u t i o n  t e s t  on th e s e  r e s u l t s  showed t h a t  t h e  
d i f f e r e n c e s  i s  n e g l i g i b l e  even on t h e  10% l e v e l .  The r e s u l t  shows t h a t  t h e  dye 
was a b l e  to  e x e r t  an even p re s s u re  on t h e  f l a t  s id e s  o f  th e  sam p les .
F o i l s  o f  A l,  Be, C ( i n  g r a p h i t e  form) and S i were a lso  used  and th e  p u r i t y  
o f  th e s e  wei*e c e r t i f i e d  to  a 9 9.99% a c c u ra c y .  The former two samples were 
o b ta in e d  from Goodfellow M etals  and th e  l a t t e r  two from The I n t e r n a t i o n a l  Union 
o f  C ry s ta l lo g ra p h y  ( I .U .C r . )  (Creagh, 1981). T h e ir  th ick n esse s  w ere m easured w ith  
a m icrom eter  screw gauge and c e r t a i n l y ,  w i th in  t h e  acc u racy  w ith  which t h i s  can 
be read  (< + / - 0 .0 0 b  mm) th e r e  was no d i s c e r n i b l e  v a r i a t i o n  o f  th e  t h i c k n e s s  a long  
th e  s u r f a c e  a re a  o f  th e  f o i l .
The f i n a l  form o f  an a b so rb e r  i s  th e  l i q u i d  s t a t e ,  e i t h e r  a s o l u t i o n  o r  j u s t  
pure w a te r  (B.D.H. Chem icals, AnalaR w a te r ,  5ppm i m p i r i t y  on e v a p o r a t i o n ) .  The 
way in  which th e  s o lu t i o n s  a r e  formed a r e  t h a t  a known q u a n t i t y  ( i n  g m s.) o f  a 
s a l t  a r e  d i s s o lv e d  in  w a te r ,  and th e  s o lu t i o n  i s  th e n  s a id  to  be formed o f  two 
m o lecu la r  c o n s t i t u e n t s  r a t h e r  th an  i t s  e le m e n ta l  c o m p o s i t io n ,  i . e .  w a te r  and th e  
anhydrous m olecu le  o f  th e  s a l t .  The method o f  working out th e  w e ig h t f r a c t i o n s  
o f  th e s e  two p a r t s  i s  now shown.
4 .4 .1  Weight Fractions for a Solution
I f  we have h gms. o f  an h y d ra te d  s a l t ,  th en  i t  i s  composed o f  
two p a r t s ;  w a te r  and th e  anhydrous s a l t  i t s e l f ,  
t h e r e f o r e  h = (h -a )  gms. w ater  + a gms. o f  th e  anhydrous s a l t ,  
j  + a say .
Now i f  h gms. o f  th e  hydrous s a l t  i s  d is s o lv e d  in  (100-h) gms. o f  
w a te r ,  th e n  th e  t o t a l  amount o f  w ater  per  100 gms. o f  s o lu t i o n  i s  
C 100-h) + j  = 100 -  a gms.
Then th e  w eight f r a c t i o n  o f  th e  s a l t  i s  given by
w ( s a l t )  = a
100 -  a
L e t  A(h) = m olecu la r  w eight o f  hyd ra ted  s a l t ,
and A(a) = " ” " anhydrous "
i . e .  A(h) = A(a) + n*A(water) where n = no. o f  w ater m o lecu le s
per  one anhydrous s a l t  m o le c u le .
T h e re fo re ,  h gms. = [A(a) + n * A (w a te r) j .h
A(h)
= A (a ) .h + n *A (w ate r) .h 
A(h) A(h)
= a + (h -a )
T h e re fo re ,  a = A ( a ) .h & j  = n . A (w a te r) .h 
A(h) A(h)
So th e  s a l t  w eigh t f r a c t i o n  i s  now given by th e  known p a ram etrs
w ( s a l t )  s  A (a ) .h_____
1 0 0 .A(h) -  A (a ) .h
and th e  w eight f r a c t i o n  o f  the  w ater c o n s t i t u e n t s  i s  s im ply
w (w ater) = 1. -  w ( s a l t )
Techniques o f  a n a ly s i s  a r e  shown l a t e r  and th e method
form ula w eigh t form •
•1. h2° Water 18.02 L iqu id
2. Na2S04 Sodium
s u lp h a te
142.04 S o lu t io n
S o lid
3. Na3P04 *
12H2°
T r i-so d iu m  
o r th o p h o sp h a t
380.12
e
S o lu t io n
S o lid
4 . sio2 S i l i c a 60 .08 S o lid
5 . CaCl2 Calcium
c h lo r id e
110.99 Sol u t io n
6 . NaCl Sodium
c h lo r id e
58.44 S o lid  & 
s o l u t i o n
7 . C6H12°6*
i h 2o
Sugar —  
Glucose-D
198.17 S o l id  & 
s o l u t i o n
8 . C5H8°2 Perspex  ( l u c i t e )
100.12 So lid
9 . C43H38°7 B a k e l i t e 666.78 S o lid
10. ( W n T eflo n 62.02 S o lid
11. Si S i l i c o n 28 .09 F o i l
12. C Carbon
(g r a p h i t e )
12.01 F o i l
13. A1 Aluminium 26.98 F o i l
Table 4 .1  Types and Chemical fo rm ulae  d e t a i l s  o f  th e  
ab so rb e rs  used in  th e  measurement o f  l i n e a r  a t t e n u a t i o n  
c o e f f / c i e n t .
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used a n a ly s in g  th e  d a ta  i s  p re s e n te d  in  Appendix A . T ab le  4 .1  shows th e
| ..
a b s o rb e r s  t h a t  a r e  used  and th e  form i n  which th e y  a re  u t i l i s e d .  T h e c jrfeigHt
f r a c t i o n s  o f  each element in  th e s e  m o lecu le s  a r e  g iven  in  t a b l e  4 . 2 .
-;4 .5 System C a l ib r a t i o n
T h is  involved a check in  th e  l i n e a r i t y  o f  th e  e l e c t r o n i c s  and th e  
r e l a t i o n s h i p  between th e  photon energy  and th e  channe l number. The l a t t e r  i s  a 
measurement o f  th e  spectrum  o f  a c o l l im a te d  beam by v a r i a t i o n  o f  th e  s o u r c e -  
d e t e c t o r  d i s t a n c e  and r e p e a te d  many tim es to  ensure t h a t  a s u b s t a n t i a l  amount o f  
channe l d r i f t  i s  n o t  ta k in g  p la c e  so t h a t  r e p r o d u c i b i l i t y  i s  o b t a i n a b l e .  I t  can 
be concluded from t h i s  t h a t  channe l d r i f t  due t o  a m p l i f i e r  e l e c t r o n i c s  i s  
n e g l i g i b l e .  In  f a c t ,  th e  a c t u a l  peak channe l was always observed  to  be i n  t h e  
same channe l ,  and o n ly  th e  spectrum  a n a l y s i s  r o u t i n e  showsd a v e ry  s l i g h t  
v a r i a t i o n  ( + / -  0 .5  ch a n n e ls )  i n  th e  c e n t r o i d s  o f  th e  p e a k s ,  b u t  s t i l l  n o t  t h e  
peak ch an n e l  i t s e l f .
The l i n e a r i t y  was checked by u s ing  a p u ls e r  whose o u tp u t  co u ld  be v a r ie d  
c o n t in u o u s ly  up to  10 v o l t s .  T h is  was fed  i n t o  th e  a n a ly s e r  d i r e c t l y  a t  about 
500 p u ls e s  p e r  second. Table  4 .3 ” shows th e  Energy vs . Channel Number and th e  
V oltage v s .  Channel Number f i g u r e s .  Using a l e a s t  sq u a re s  f i t ,  th e  e q u a t io n  f o r  
t h e  photon en e rg y ,  E and th e  p u lse  v o l t a g e  V, was a r r iv e d  a t  to  be 
E = 0 . 12H6»n -  2 . 7 9b58 
and V = 0.00Y51189*n -  0.118562 
where n i s  th e  channel number.
T h e re fo re  E = 1 6 . 129161*V -  0 . 8 8427 4 4 
F ig .4 .g i  p l o t s  th e s e  e q u a t io n s ;  th e  c a l c u la te d  channe l peak c o r re s p o n d in g  t o  an 
Am-241 photon energy  i s  p l o t t e d  as a * and u se s  th e  l e f t  y - a x i s  and th e  p u l s e r
Photon Channel Pulser
Energy 
(Kev) ’
Number Voltage
(Volts)
79 +/- 1.5 0.44+/-.10
125 +/- 1.5 0.80+/-.10
14.0 138.7+/-0.4
14.7 144.2+/-0.3
17.0 163.5+/-0.3
17.8 170.2+/-0.4
177 +/-1.5 1.2+/-.10
18.9 179.3+/-0.4
20.9 195.4+/-0.3
21.5 200.2+/-0.4
204 +/-1.5 1.4+/-.10
22.2 206.3+/-0.4
215 +/-1.5 i:5+/-.15
26.4 241.0+/-0.4
281 +/-1.5 2.0+/-.15
32.2 288.5+/-0.5
33.2 297.4+/-0.4
36.4 323.4+/-0 .5
37.3 331.0+/-0.4
347 +/-1.5 2.5+/-.15
43.4 381.4+/-0.5 .
409 +/-1.5 ' 3.0+/-.15
473 +/-1.5 3.5+/-.15
59.5 514.1+/-0.5
538 +/-1.5 4.0+/-.15
682 +/-1.5 5.0+/-.20
820 +/-1.5 6.0+/-. 20
954 +/-1.5 7.0+/-.20
Table 4 . 3 .  Measurements o f  th e  Am241 peak e n e r g ie s  and th e  
p u ls e r  v o ta g e  a g a in s t  th e  a n a ly se r  channel number.
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v o l t a g e ,  V i s  p l o t t e d  as a + u s in g  th e  r i g h t  y - a x i s .  The e r r o r  b a r s  on t h i s
I
graph a r e  v e r y  sm all and do n o t  ex tend  beyond th e  ex re m d tie s  o f  e i t h e r  o f  th e  
d a ta  p o in t  s ig n s  * o r  +. Over th e  range  o f  th e  system  worked in  te rm s  o f  photon 
energy  and th e  channe l number i t  i s  seen  t h a t  l i n e a r i t y  would n o t  be a problem .
i
5 Measurement fo r  S c a t t e r
.5 .1  I n t r o d u c t io n
T h e o r e t i c a l  c a l c u l a t i o n s  o f  th e  amount o f  s c a t t e r i n g  be ing  c o n t r ib u te d  to  
th e  observed measured value o f  th e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  o f  w a te r  
were p r e s e n te d  in s e c t i o n  3 . 5 .  They showed t h a t  fo r  t h e  e x p e r im e n ta l
s"
arrangem ent shown in f i g .  4 .7 ,  and u s in g  c o l l im a to r s  as l a r g e  a s  0 .075  cm. 
r a d i u s ,  th e  maximum s c a t t e r  t h a t  would occur would be under c o n d i t i o n s  o f  
minimal s o u r c e -  a b s o rb e r -  d e t e c to r  d i s t a n c e  s p ac in g  w ith  th e  e x p e r im e n ta l  r i g  
and would d e c re ase  th e  measured value  o f  the  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  by 
l e s s  than  0.5%.
S c a t t e r  a r i s e s  due to  t h e  p re se n c e  and p o s i t i o n in g  o f  an a b s o rb e r  and 
c o l l i m a t o r s .  T here fo re  t h i s  c h a p te r  p r e s e n t s  th e  r e s u l t s  o f  s c a t t e r  
measurements in  which w ate r  was used as th e  a t t e n u a t o r  and v a r io u s  l e n g t h s ,  
d ia m e te rs  and p o s i t i o n  o f  c o l l im a to r s  were t e s t e d .  S e v e ra l  c o l l im a to r  
m a t e r i a l s  o f  d i f f e r e n t  atom ic numbers were used in  o rder  to  t e s t  t h e  s c a t t e r  
p r o p e r t i e s  o f  each .
5 - .2  Source and A bsorber P o s i t io n in g
.5 . 2 .1  No Absorber
Only th e  s o u rc e -  d e t e c to r  p la n e  d i s t a n c e  i s  v a r ie d  h e r e .  At each  
d i s t a n c e ,  th r e e  3*000 second co u n ts  were m easured . The r i g  was r o t a t e d
Q
through  app ro x im a te ly  120 around i t s  c e n t r a l  ax is  fo r  each one.
Table  5 .1  shows the  observed count r a t e  ( I )  f o r  each o f  th e  p e a k s ,  and 
t a b l e  5 .2  shows the  c a l c u la te d  peak channe l f o r  each o f  th e s e  peaks fo r  th e  
given d i s t a n c e s .  The spectrum  an a ly se s  r o u t i n e  SAMPO ( R o u t t i  and P r u s s i n ,  
1969) co n f irm s  t h a t  th e  peak c e n t r o id  d r i f t  i s  n e g l i g i b l e .  The s o u rc e -  
d e t e c to r  p la n e  d i s t a n c e ,  from f i g .  4 . 7 ,  i s  th e  sum o f  3 .11  + D + 0 .7 7  cm ., 
where D i s  th e  d i s t a n c e  s e p a r a t in g  th e  s l i d i n g  p l a s t i c  s o u rc e  h o ld e r  
p la t fo rm  and th e  base o f  th e  s o u rc e -  a b so rb e r  h o ld e r .  The v a r i a t i o n  o f  th e  
s c a t t e r i n g  w ith  th e  p o s i t i o n in g  has  been examined by c a l c u l a t i n g  f o r  each  D 
th e  r e l a t i v e  i n t e n s i t y  o f  th e  peaks w i th in  th e  spec trum  produced f o r  t h a t  
D. T h is  method i s  s e n s i t i v e  to  changes in s c a t t e r  due to  th e  en e rg y  o f  th e  
photons as w e ll  as th e  geom etry o f  the  system .
Because o f  unexpected low measured i n t e n s i t i e s  fo r  th e  5 9 .5  keV peak 
a t  s o u rc e -  d e t e c to r  d i s t a n c e s  o f  2 2 .9 0  and 16 .80  cm. r e L a t iv e  i n t e n s i t i e s  
a t  th e  v a r io u s  e n e rg ie s  have been c a l c u la te d  w ith  r e s p e c t  t o  th e  second 
most i n t e n s e  peak from Am a t  17.8 keV. The r e s u l t s  a r e  shown in  t a b l e  
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5 . 2 . 2  Water (Absorber )  P o s i t i o n i n g
At each o f  the  5 s o u r c e -  d e t e c t o r  s p a c in g s  (2 4 .1 3 .  2 0 . 1 7 ,  18 .38 ,  13.62  
and 11.62 cm .) ,  measurements were made o f  the  t r a n s m i t t e d  i n t e n s i t i e s  f o r  a 
number o f  a b s o r b e r -  d e t e c t o r  p la n e  s p a c i n g s , t .  The r e s u l t s  a r e  shown i n  
t a b l e s  5 . 4 -  5 . 8 .  F o r  each s o u r c e -  d e t e c t o r  p la n e  s p a c in g ,  D, t h e  mean 
i n t e n s i t y  over t h e  range  of b was taken  and i s  shown in t h e  t a b l e s .  The 
s t a n d a rd  d e v i a t i o n  o f  t h i s  mean i s  a l s o  shown and i t s  magni tude  i n d i c a t e s  
t h a t  t h e r e  i s  l i t t l e  v a r i a t i o n  o f  I  w i th  r e s p e c t  to  t h e  a b s o r b e r -  d e t e c t o r  
d i s t a n c e ,  b ( s ee  f i g . 4 . 7 ) ,  d e s p i t e  t h e  f a c t  t h a t  as b is  r e d u c e d ,  t h e  
maximum p o s s i b l e  ang le  o f  s c a t t e r i n g ,  0 m<ot , th rough  vh ich  a photon can be 
Rayle igh  s c a t t e r e d  i n c r e a s e s .  Th is  means t h a t  fo r  given s o u r c e -  d e t e c t o r  
d i s t a n c e ,  t h e r e  w i l l  be an i n c r e a s e  in  I  a s  t h e  d i s t a n c e  b i s  r ed u ce d ,  
assuming t h a t  f o r  smal l  changes in 0  t h e r e  i s  a l i n e a r  change in  I .  
F i g .  5.1 shows the  t h e o r e t i c a l  graph f o r  s c a t t e r  c o n t r i b u t i o n ,  assuming 
t h a t  Rayle igh  s c a t t e r i n g  from th e  c o l l i m a t o r s  can be n e g l e c t e d ,  which would 
be v a l i d  s in c e  a t  t h e se  e n e r g i e s ,  th e  p h o t o e l e c t r i c  c r o s s -  s e c t i o n  i s  much 
g r e a t e r  than  t h e  s c a t t e r i n g  c r o s s -  s e c t i o n  fo r  the  l e ad  c o l l i m a t o r s .
Tables  5 . 4 - 5 .  8 '  a l s o  gives t h e  va lu e s  o f  m f o r  each o f  th e  peaks when 
t h e  measurements a re  taken  fo r  a f ix e d  s o u r c e -  d e t e c t o r  d i s t a n c e .  The 
v a lues  a re  de termined  by a l e a s t  s q u a re s  f i t .
Frcm th e  g r a d i e n t  v a l u e s ,  m, which a r e  almost  ze ro  f o r  a l l  t h e  p eak s ,  
i t  can be seen t h a t  t h e r e  i s  no c o r r e l a t i o n  between I  and t h e  a b s o r b e r -  
d e t e c t o r  d i s t a n c e ,  and hence in  t h e  amount o f  Ray le igh  s c a t t e r i n g  t h a t  can 
be measured with t h i s  e x p e r im en ta l  s e t  up .
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cn p - p - ID CO P - CO lO CN P~ to ID p - to
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i n to o x— o to CD CD o CN o cn o CN CD x— xd ■ x—
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CD to VO to CM to ■ *— co CM r*
in r - CM E'­ cn e- vo c - to VO
in r - o CD en CD CD CD a CD CD CM
• • • • • • • • • • • CM CM
cn T— T— T- r — x— • •
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With s c a t t e r i n g ,  broad  
beam geometry,  I  = m*b + c.
\
No s c a t t e r i n g ,  I  = Const
w i th
A b s o r b e r - d e t e c t o r  
d i s t a n c e ,  b cm.
F i g . 5 . 1 .  Expected v a r i a t i o n  o f  t h e  d e t e c t e d  i n t e n s i t y  
a b s o r b e r -  d e t e c t o r  d i s t a n c e s .
5 . 3  D e te c to r  C o l l im a to r  Length
F o r  t h i s  expe r im en t ,  the  s o u r c e -  d e t e c t o r  p la n e  d i s t a n c e  D and a b s o r b e r -
de t e c t o r  p la n e  d i s t a n c e ^  f ix e d  a t  25 .7  and 14 .84  cm. r e s p e c t i v e l y .  Varying
l e n g th s  o f  d e t e c t o r  l e ad  c o l l i m a t o r  were used to  measure t h e  l i n e a r
a t t e n u a t i o n  c o e f f i c i e n t  o f  w a te r ,  u , a t  fo u r  o f  t h e  Am21*.1, spec t rum
uJa.$
e n e r g i e s .  The d iamete r  o f  the  c o l l i m a t o r  ho le  kep t  c o n s t a n t  a t  0 . 1 5  cm 
th roughou t  th e  measurements ,  with  an empty p h i a l  and f u l l  p h i a l  be ing  measured 
a l t e r n a t e l y  fo r  d i f f e r i n g  l e n g th s  o f  t h e  c o l l i m a t o r .  Count t im e s  w i th  t h e  
f u l l  p h i a l  were about  twice as  long  as th o s e  fo r  t h e  empty p h i a l .
Table  5 . 3  show the  measured va lues  o f  . j l  o b ta in e d  f o r  t h e  v a r io u s
c o l l i m a t o r  l e n g t h s  and e n e r g i e s .  The g r a d i e n t  o f  each l i n e ,  ro, ( i . e .
fo r  a f ixed  energy)  i s  expec ted  to  be zero  s in c e  t h e  p r o p o r t i o n  o f  photons  
t
s c a t e r r e d  with and w i thou t  the  a b s o r b e r s ,  o f f  t h e  w a l l s  would be t h e  same and 
assuming t h a t  ou t  s c a t t e r e d  photons  from the  beam p r i o r  t o  r e a c h i n g  t h e  
d e t e c t o r  c o l l i m a t o r  ate* n o t  Ray le igh  s c a t t e r e d  i n t o  t h e  d e t e c t o r .  The 
g r a d i e n t ,  m, i s  a l so  given in  t h i s  t a b l e  and aga in  th e y  a re  shown to  be almost  
z e r o .
I t  may be t h a t  t h e  maximum c o n t r i b u t i o n  to  s c a t t e r i n g  from t h e  w a l l s  may 
w e l l  occur i n  t h e  f i r s t  few f r a c t i o n s  o f  m i l l i m e t e r s  o f  t h e  d e t e c t o r  
c o l l i m a t o r .  But reduc ing  th e  l e n g th  o f  the  c o l l i m a t o r s  any more th a n  t h e  1mm
used would in t ro d u c e  f u r t h e r  s c a t t e r i n g  m a in ly  t h a t  from t h e  b o d ie s
| o f  t h e  c o l l i m a t o r s  the m se lves .
C o l l im a to r  
Length cm. 17.8
]
20 .9
Energy (keV)
26 .4  5 9 .5
.1 0. 994 0.760 0.453 0. 199
.2 1.033 0.740 0 .433 0 .204
.3 1.003 0 .747 0 .442 0 .203
.4 1 .010 0 .74S 0. 430 0 . 2 0 3
.5 1.006 0.756 0.456 0 .200
m + .001 .000 +.003 + .001
Tab le 5 .9 .  /try me as u red fo r  v a ry in g  Pb c o l l i m a t o r  l e n g t h s .
5 . 4  C o l l im a to r  M a t e r i a l s
Four c o l l i m a t o r s  were made o f  l e a d ,  b r a s s ,  copper  and 
aluminium , ; and a l l  were o f  the  same d im ens ions  as  shown
in f i g . 4 . 7 .  The abso rb e r  i s  w a te r  c o n t a in e d  in  a p l a s t i c  p h i a l .  Measurments 
o f  f i  were made a t  a l l  e n e r g i e s  f o r  t h e  v a r i o u s  c o l l i m a t o r s .  S i g n i f i c a n t
v a r i a t i o n s  in s c a t t e r  being expec ted  to  c o n t r i b u t e  t o  t h e  measured pi
v a l u e s .  The r e s u l t s a re  shown in t a b l e  5 .11.
C o l l im a to r Photon Energy (keV)
M a te r i a l 10 20 30 40 50 60
Aluminium .83 8 . 7 3 3 .2 9 1.57 0 .8 6 0 . 5 3
Copper 141.57 44 .94 22 .5 6 13.19 8 . 3 4 5 . 6 5
Lead 2 5 .4 3 35.01 19.78 13 .30 9 .8 4 7 . 6 3
Table 5 . 1 0 .  R a t io s  o f  t h e  p h o t o e l e c t r i c  to  t o t a l  (R ay le igh  + i n c o h e r e n t )  
s c a t t e r i n g  c r o s s - s e c t i o n ,  f o r  t h e  e lements  from which t h e  
c o l l i m a t o r s  were made.
The f i r s t  t h r e e  c o l l i m a t o r s  show no n o t i c e a b l e  r e l a t i o n s h i p  o f  t h e s e  
q u a n t i t i e s ,  excep t  fo r  the  e r r a t i c  r e s u l t s  o f  th e  37 .3  and 4 3.4 keV peaks  f o r  
t h e  Pb c o l l i m a t o r s .  (T h i s  i s  due to  t h e  v e r y  low count  r a t e s  o f  t h e s e  peaks
and t h e  l a r g e  e r r o r s  in jx . a r e  due to t h i s . )  The aluminium c o l l i m a t o r s
gave a l a r g e  e r r o r  -8/t and a l s o  o f  th e  r e l a t i v e  d i s c r e p a n c y ,  C.
But the  aluminium c o l l i m a t o r  i s  expec ted  to  produce  a p r o p o r t i o n a t e l y  
g r e a t e r  amomt o f  s c a t t e r i n g  than  t h e  o t h e r  two because  o f  i t s  low atomic 
number,  meaning a lower p h o t o e l e c t r i c  to  t o t a l  s c a t t e r i n g  r a t i o ,  (fcoAjle. 5 ^ ° ) *
F or  o t h e r s  though,  t h i s  i s  n o t  so  and a JX dependence  on
Z ( c o l l i m a t o r )  cannot  be s een .  I t  i s  fo r  t h i s  reason  t h a t  t h e s e  two e x t r a
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c o l l i m a t o r s  a r e  used aga in  in  t h e  n e x t  c h a p t e r  f o r  s o l u t i o n  measurements .
5*5 Conclusion
I t  has been shovm t h a t  s c a t t e r i n g  i s  n e g l i g i b l e  in t h i s  e x p e r i m e n t a l  r i g
for  t h e  p r e s e n t  d im ensions  o f  t h e  c o l l i m a t o r s  and t h e  l e n g t h s  i n v o l v e d .
Though i t  has  o n ly  been proved f o r  a w a te r  a b s o rb e r  o f  l e n g t h  2 . 0 2  cm. ( p h i a l
d i a m e t e r ) ,  t h i s  c o n c lu s io n  i s  s t i l l  a c c e p t a b l e  f o r  a l l  t h e  a b s o r b e r s  mentioned
in s e c t i o n  4 . 4  s in c e  e i t h e r  t h e i r  e f f e c t i v e  Z’ s a re  n e a r l y  e q u a l ,  and o f  t h e
same l e ng ths  or, i f  t h e  Z i s  much g r e a t e r  th e n  t h e  pa th  l e n g t h  i s  much s h o r t e r .
The copper and l e a d  c o l l i m a t o r s  showed l i t t l e  v a r i a t i o n s  i n  t h e  w a te r  l i n e a r  
a t t e n u a t i o n  c o e f f i c i e n t s  s t a n d a r d  d e v i a t i o n s ,  b u t  f o r  aluminium th e y  were much 
h ig h e r  between 18 .9  and 37 .3  keV, p robab ly  because  o f  t h e  l a r g e  changes i n
d i f f e r e n t i a l  s c a t t e r  as  t h e  s o u r c e -  a b s o r b e r -  d e t e c t o r  d i s t a n c e s  a r e  v a r i e d .
/ The va lues  o f  C themselves  do no t  seem t o  behave in any p a t t e r n ,  and an 
a t t e m p t  to  p a r a m e t r i s e  i t  t o  a l e a s t  s q u a re s  polynomial  f i t  ( o f  o r d e r s  2 t o  5) 
was u n s u c c e s f u l .
One f u r t h e r  t e s t  was c a r r i e d  ou t  to  see  what  c h an g e s ,  i f
any,  i n  t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  cou ld  be ob se rv ed .  Th is  was t h e
r e d u c t i o n  o f  the  s l i t  d ia m e te r  o f  th e  d e t e c t o r  lead  c o l l i m a t o r  from 0 . 1 5  t o  
0 . 1 0  cm. w hile  keep ing  a l l  o t h e r  p a r a m e te r s  same. Many measurements  o f  count  
t im es  from 3 ,000 s e c .  fo r  t h e  empty p h i a l  t o  10,000  s e c .  f o r  t h e  w a te r  
c o n t a i n i n g  p h i a l  were t a k e n .
This d id  no t  improve the  f i n a l  r e s u l t s  o f  fx ncr  t h e  v a l u e  o f  t h e  
s t a n d a rd  d e v i a t i o n ,  a ,  , b u t  t h e  e r r o r  g o t  much worse s i n c e  t h e  count  r a t e s  
were reduced so a longer c o i n t  t ime i s  r e q u i r e d  fo r  t h i s  t o  improve.
.*-■ Gnapter  o t x p e n m e n t a l  s c a t t e r
I t  was fo r  t h i s  reason  t h a t  t h e  la rg e *  c o l l i m a t o r s  w i l l  be used fo r  t h e  
measurements r e p o r t e d  in  t h e  n e x t  c h a p t e r .
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6. The Measurement o f  / t  and ( jx  /p  )
Measurement
&.1 I n t r o d u c t i o n
T h i s  c h a p t e r  p r e s e n t s  and d i s c u s s e s  t h e  r e s u l t s  f i r s t l y  fo r  l i q u i d s  and 
then  f o r  powdered s o l i d s ,  p l a s t i c s  and f o i l s .  F o r  t h e  l i q u i d s  b o th  a b s o l u t e  
measurements  o f  and r i p  were made and r e l a t i v e  measurements  by
comparison w i th  t h e  same pa th  l e n g t h  o f  w a te r .  The s o l i d s  whether  compressed 
powder form or f o i l s  were n o t  c a p a b le  o f  comparison  wi th  a w a te r  p a t h  due t o  
g e o m e t r i c a l  l i m i t a t i o n s .  Abso lu te  . measurements o f  jx  and y * / / 3 were 
t h e r e f o r e  c a r r i e d  o u t  i n i t i a l l y  bu t ,  s i n c e  a range  o f  s o l i d  t h i c k n e s s e s  were 
a v a i l a b l e  fo r  t h e  p l a s t i c s ,  powdered s o l i d s  and f o i l s ,  co m p a ra t iv e  
measurements cou ld  be made, r e l a t e d  to  t h e  d i f f e r e n c e s  in t h e  a b s o r b e r  mass 
and t h i c k n e s s e s .
Where p o s s i b l e  t h e  a b s o r b e r  t h i c k n e s s  was chosen  t o  m a in t a i n  a
t r a n s m i s s i o n  r a t i o  o f  l e s s  than  30 so  t h a t  t h e  t r a n s m i s s i o n  i n t e n s i t y  was
s u f f i c i e n t  t o  produce  a low s t a t i s t i c a l  e r r o r .  Th is  meant t h a t  t h e  s o l i d s  
measurements had t o  be done in two p a r t s ,  small  t h i c k n e s s e s  fo r  t h e  low energy  
peaks (<20 keV) and l a r g e r  t h i c k n e s s e s  fo r  t h e  r e s t  o f  th e  p e a k s .
Each s e c t i o n  b eg in s  by e x p l a i n i n g  how th e  d a t a  were used  to  d e r i v e  t h e
l i n e a r  a t t e n u a t i o n  o r  mass a b s o r p t i o n  c o e f f i c i e n t .  The p h y s i c a l  c o n s t r a i n t s  
f o r  t h e  e x p e r i m e n t a l  a r rangement ( i . e .  d i s t a n c e s  in v o l v e d ,  t ime o f  c o u n t s ,
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number o f  measurements)  a r e  th en  d e s c r i b e d  b e fo re  f i n a l l y  r e p o r t i n g  t h e  
or  t h e  va lues .  Each s e c t i o n  ends with  c o n c l u s i o n s  r e l a t i n g  t o  t h e
measurements.
L i q u id s  a re  a s p e c i a l  c a s e  in  t h a t  f o r  t h e  s o l u t i o n s  t h e  measurements  a r e  
a l s o  compared r e l a t i v e  to  w a te r  s i n c e  t h e  photon p a th  l e n g t h  th rough  t h e  w a te r  
w i l l  be t h e  same as f o r  t h e  s o l u t i o n .  I d e a l l y ,  r e l a t i v e  measurements  o f  
s o l i d s  could  a l s o  be c a r r i e d  ou t  i f  t h e  p a th  l e n g t h  was t h e  same i n  each  c a s e  
p rov ided  t h a t  s c a t t e r i n g  c o n d i t i o n s  were t h e  same o r  cou ld  be  de te rm ine d
s e p a r a t e l y .  This  could  most p ro b a b ly  be  e a s i l y  achieved  by assuming t h a t
s c a t t e r  was t h e  same fo r  a b s o r b e r s  which had s i m i l a r  a to m ic  numbers.
Aluminium and s i l i c o n  have a Z d i f f e r e n c e  o f  on ly  1, b u t  t h e y  were a v a i l a b l e
in  pure .form o n ly  as t h i n  f o i l s  bu t  n o t  o f  t h e  same t h i c k n e s s e s .  Th i s  i s
im p o r t a n t  s i n c e  a l l  s c a t t e r i n g  i s  dependen t  on t h r e e  f a c t o r s ,  which a r e  pho ton  
pa th  l e n g t h ,  e l e c t r o n  d e n s i t y  and a tomic  number o f  th e  a b s o r b e r s .  F o r  low
enough c o n c e n t r a t i o n s  o f  s o l u t i o n s  used  in t h e  same p h i a l  a s  t h e  w a te r
a b s o r b e r  t h e  f i r s t  f a c t o r  i s  t h e  same for  b o th ,  and fo r  t h e  second t h e y  do  no t
d i f f e r  too  c o n s i d e r a b l y .  T h e r e f o re  s c a t t e r i n g ,  though n o t  c o m p le t e ly  
e l i m i n a t e d  i s  reduced by t h i s  co m p ara t iv e  method.
In r e c o g n i t i o n  t h a t  s y s t e m a t i c  e r r o r s  o t h e r  th a n  due t o  R ay le igh
s c a t t e r i n g  as a l r e a d y  c o n s id e re d  may be p r e s e n t  in t h e  a b s o l u t e  m e asu re m en ts ,  
th e  a v a i l a b l e  i n t e n s i t y  d a t a  f o r  t h e  v a r io u s  a b s o r b e r s  have a l s o  been t r e a t e d  
on a r e l a t i v e  b a s i s  wherever p o s s i b l e .  The b a s i s  fo r  compar ison  h a s  been 
e i t h e r  d i r e c t  comparison w i th  a known abso rb e r  or  in  t h e  c a s e  o f  f o i l s  a 
s e r i e s  o f  measurements f o r  v a r i o u s  t h i c k n e s s e s  o f  the  same a b s o r b e r .  In  t h i s  
s e c t i o n ,  a method which c o n s i d e r s  t h e  d i f f e r e n c e s  in  i n t e n s i t i e s  o b t a i n e d
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because  o f  sm al l  changes in  p a th  l e n g t h  i s  a l s o  d e s c r i b e d .  An e q u a t io n  i s  
a r r i v e d  a t  which can e i t h e r  be so lved  g r a p h i c a l l y  or  n u m e r i c a l l y  th ro u g h  an 
i t e r a t i v e  p r o c e s s .
F o r  the  powdered s o l i d s ,  i f  th e  s l a b s  o f  c y l i n d e r s  a r e  o f  t h e  same 
d i a m e te r ,  a r e l a t i o n s h i p  cou ld  t h e n  be found between t h e  mass o f  th e  a b s o r b e r  
and t h e  lo g  o f  th e  a t t e n u a t e d  i n t e n s i t y  and th e  measurements a r e  based on t h i s  
p r i n c i p l e  to  d e r i v e  th e  mass a b s o r p t i o n  c o e f f i c i e n t .
F or  a l l  t h e  a b s o r b e r s  shown in t a b l e  4 . 1 ,  the  t h e o r e t i c a l  ( Jackson  & 
Hawkes, 1981) mass a b s o r p t i o n  c o e f f i c i e n t  fo r  t h e  pure compound have  been 
computed and a r e  g iven  in t a b l e  6 . 1 .  Using th e  m ix tu re  r u l e  ( s e c t i o n  1 .1 )  a 
compar ison i s  made between t h e s e  and- th-e measured r e s u l t s .
The f i n a l  s e c t i o n  r e p o r t s  t h e  c o n c l u s i o n s  fo r  t h i s  c h a p t e r ,  h i g h l i g h t i n g  
th e  p rob lem s encoun te red  with  t h e  measurements a p p l i c a b l e  to  a l l  t h e  m a t e r i a l s  
r a t h e r  t h a n  j u s t  one ty p e  o f  a b s o rb e r  and r ev ie w in g  th e  r e s u l t s  o b t a i n e d ,  
w ith  s u g g e s t i o n s  fo r  f u r t h e r  work.
6 «2 S ta tem en t  o f  Accuracy
There seems to  be l i t t l e  u n i f o r m i t y  in  t h e  a s ses sm en t  o f  u n c e r t a i n t i e s  
and e r r o r  quoted in t h e  l i t e r a t u r e  t h a t  has  been rev iewed in  c h a p t e r  2. 
Confus ion a r i s e s  when e x p e r i m e n t a l i s t s  quo te  a q u a n t i t a t i v e  v a l u e  w i th  a + /  
s ign  in f r o n t  o f  i t ,  and t h e  r e a d e r  i s  o f t e n  l e f t  to  s p e c u l a t e  on w hether
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t h e s e  may be a s t a n d a r d  d e v i a t i o n ,  an e x p e r i m e n t a l  e r r o r  (random or 
s y s t e m a t i c )  o r  when quoted as a p e r c e n ta g e  i f  i t s  a d i f f e r e n c e  between
t h e o r e t i c a l  or  i n t e r p o l a t e d  va lu e s  o f  e x p e r im e n ta l  p o i n t s .
The d e r i v a t i o n  o f  S/t , d e s c r i b e d  in d e t a i l  in  appendix  A, c o n s i d e r s  bo th  
t h e  s y s t e m a t i c  and t h e  random c o n t r i b u t i o n  t o  t h e  f i n a l  e x p e r i m e n t a l  e r r o r ,  so 
t h a t  v a l u e s  o f  /*• and a r e  a s s o c i a t e d  with  e r r o r s  o f  + / -  or
+ / -  r e s p e c t i v e l y .
The i n d i v i d u a l  o b s e r v a t i o n s  o f  th e  mass a b s o r p t i o n  c o e f f i c i e n t s  a r e  th e n  
kep t  o r  r e j e c t e d  based on C h a u v e n e t ' s  c r i t e r i o n .  Th i s  s t a t e s  t h a t  f o r  n
o b s e r v a t i o n s  o f  some measurements,  an  o b s e r v a t i o n  can  be r e j e c t e d  i f  t h e
p r o b a b i l i t y  o f  o b t a i n i n g  i t  i s  l e s s  th a n  1 /2n.  So f o r  exam ple ,  fo r  10 
o b s e r v a t i o n s  a s i n g l e  va lue  can be r e j e c t e d  i f  i t s  d e v i a t i o n  from t h e  mean i s  
so l a r g e  t h a t  t h e  p r o b a b i l i t y  o f  occurence  o f  a d e v i a t i o n  t h a t  l a r g e  or  l a r g e r  
i s  l e s s  th a n  1 /20.
Th is  same p rocedure  i s  a p p l i e d  t o  r em a in ing  s e t s  o f  v a l u e s  u n t i l  no more
d a t a  oar£ r e j e c t e d .  Frcm t h e s e  a r e  d e r iv e d  th e  m e a n , / * ^ ,  one s t a n d a r d
d e v i a t i o n a n d  t h e  r e l a t i v e  d i s c r e p a n c i e s ,  C, which a r e  p r e s e n t e d  in  
t h e  t a b l e s .
The f i g u r e  t h e r e f o r e  quo ted  w i t h i n  t h i s  t h e s i s  i s  where t h e
u n c e r t a i n t y  i s  t h e  s t a n d a r d  d e v i a t i o n  o f  a l l  t h e  u n r e j e c t e d  d a t a  and n o t  t h a t  
due to t h e  com bina t ion  o f  e r r o r s .  Throughout t h e  r e s u l t s  t a b l e s  a compar ison  
has  been made w i th  th e  r e c e n t  t h e o r e t i c a l  c a l c u l a t i o n s  o f  Jackson and Hawkes
(1981) .  These a r e  shown as a r e l a t i v e  d i s c r e p a n c y ,  where
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6 .3  Measurements o f  S o l u t i o n s
6 . 3 .1  A bsolu te  Measurements
Six  compounds f a l l  i n t o  t h i s  c a t e g o r y  as shown in  Table  4 . 1 .  They a r e  
ag a in  w a te r ,  sodium s u l p h a t e ,  t r i - s o d i u m  o r th o p h o s p h a t e ,  c a lc iu m  c h l o r i d e ,  
sodium c h l o r i d e  and g luc ose -D .  The p o s i t i o n i n g  o f  t h e  p l a s t i c  p h i a l s  
c o n t a i n i n g  t h e s e  s o l u t i o n s  a r e  shown in  f i g . 4 . 7 .
The measurement count  t im es  ranged from 5 ,0 0 0  t o  30 ,000  s e c .  The 
s ou rce  d e t e c t o r  d i s t a n c e  was v a r i e d  from about  30 cm t o  5 cm, and f o r  each  
d i s t a n c e  t h e  i n c i d e n t  beam was measured.A
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At f i v e  s o u r c e -  d e t e c t o r  s p a c i n g s ,  measurements were taken  o f  t h e  
t r a n s m i t t e d  i n t e n s i t y  th rough  an empty p h i a l ,  and th rough  one f i l l e d  w i th  
water ,  and one f i l l e d  with  t h e  s o l u t i o n .  An empty p h i a l  measurement was 
taken ag a in  a t  t h e  end o f  t h i s  sequence  t o  check s t a b i l i t y .
Each s o l u t i o n  was counted  s e p a r a t e l y .  So fo r  each s o l u t i o n  a t  a g iven  
D d i s t a n c e ,  the  measurements were in  t h e  sequence
1) Empty p h i a l ,  Ie
2)  Water in  p h i a l ,  Iw
3) S o l u t i o n  in  p h i a l ,  I s  
and 4) Empty p h i a l ,  I e
a f t e r  which th e  d i s t a n c e  was red u ce d .  Th is  p rocedure  was always fo l lowed
for  s o l u t i o n s .  The w ate r  measurements have  a l r e a d y  been d i s c u s s e d  in  
s e c t i o n  5 . 4  where t h e  mass a b s o r p t i o n  c o e f f i c i e n t s  a r e  g iven  in  t a b l e  5.9*
J* 'table .
Prolonged s t a n d i n g  o f  a l l  s o l u t i o n  p h i a l s  l e a d s  t o  e v e n t u a l  
p r e c i p i t a t i o n  w i t h i n  t h e  s o l u t e  due t o  changes in  t h e  room t e m p e r a t u r e .  
This  l e a d s  to  a r e d u c t i o n  in  t h e  s a l t  w e igh t  f r a c t i o n .  In each  c a s e  t h e  
d e n s i t y  o f  t h e  s o l u t i o n  was o b ta in e d  by t a k i n g  t h e  r a t i o  o f  t h e  w e ig h t  o f  
t h e  p h i a l  c o n t a i n i n g  th e  s o l u t i o n  t o  t h e  w e igh t  o f  t h e  same p h i a l
c o n t a i n i n g  w ate r  u s i n g  an e l e c t r o n i c  b a l a n c e .
Using I  = I o . e x p [ - / A  x ]  (2) where Io  and I  a r e  t h e  i n c i d e n t  and
t r a n s m i t t e d  beam and x i s  t h e  
a b s o rb e r  p a th  l e n g t h .
T h e re fo re  fo r  l i q u i d s  c on ta ined  in s i m i l a r  p l a s t i c  p h i a l s ,  t h e  l i n e a r
a t t e n u a t i o n  c o e f f i c i e n t  i s  given by
/ a = [ 1 / t ] . l n { I e / I s }  ----- (3)
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where t  i s  t h e  i n s i d e  d ia m e te r  o f  the  p l a s t i c  p h i a l  t >o\i. 
But fo r  r e l a t i v e  measurements o f  s o l u t i o n s  th e  e q u a t i o n s  a r e  
w r i t t e n  as
Iw = exp[ /Aw / t ]  = e x p [ - t {  /aw-  / as } ] ----- (4)
I s  exp[  / a5 / t ]
. . + l n [ I w / I s ]  j.1 — ~(5)
Hence (./*_) = w (water)  (_/0 + w ( s a l t ) ( _ > 0  — (6)
i f ) s i t  I
1 . l n ( I e )  (7)
t  ps CIs)
Frcm which t h e  va lue  o f  t h e  s a l t  a lone  can be d e t e rm in e d .  So f o r  each  
p o s i t i o n ,  th e  mass a b s o r p t i o n  c o e f f i c i e n t  can be deduced .  Table 6 . 2  shows 
th e  e x p e r i m e n t a l  r e s u l t s  o f  t h e  s o l u t i o n  a b s o r b e r s  d e r iv e d  from e q u a t i o n  
(7 ) ,  where A i s  (p/p) , B i s  th e  s t a n d a r d  d e v i a t i o n  <y( j*/f> ) and C i s  t h e  
r e l a t i v e  d i s c r e p a n c y .  These a r e  o b t a in e d  from f i v e  d i f f e r e n t  s o u r c e -  
a b s o r b e r -  d e t e c t o r  p o s i t i o n s ,  and th e  c o n c e n t r a t i o n s  o f  t h e , s a l t s  a r e  g iven  
in  t h e  l e f t -  most column. T h e i r  w e igh t  f r a c t i o n s  were d e t e rm in e d  as 
d e s c r ib e d  in  s e c t i o n  4 . 4 . 1 .
6 . 3 - 2  R e l a t i v e  Measurements
T ra n s m i t t e d  i n t e n s i t i e s  were measured fo r  t h e  t e s t  s o l u t i o n s  and t h e  
same p h i a l  c o n t a i n i n g  w a te r .  The l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  f o r  t h e
s o l u t i o n s  were th e n  c a l c u l a t e d  u s in g  e q u a t i o n  (J5).
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F or  the  g lucose  s o l u t i o n ,  measurements a t  fo u r  d i f f e r e n t  s o u rc e  -  
d e t e c t o r  s p a c i n g s  were c a r r i e d  ou t  to  de te rm in e  i f  d i f f e r e n t i a l  s c a t t e r  o r  
o t h e r  e f f e c t s  c o n t r i b u t e d  t o  t h e  r e s u l t s .  At each  s o u r c e -  d e t e c t o r  s p a c in g  
t h r e e  measurements were done in  t h e  o r d e r
I e  t h e  empty p h i a l
Iw w a te r  i n  p h i a l
I s  s o l u t i o n  in  p h i a l .
The s o l u t i o n  i s  made up o f  20 g .. o f  g luc ose  d i s s o l v e d  in 80 g
o f  w a te r  r e s u l t i n g  in  t h e  weight  f r a c t i o n s  o f  0 .2225  f o r  t h e  s u g a r  and
0 .7775  f o r  w a te r .
Table 6 . 3  shows the  r e l a t i v e  d i s c r e p a n c y  C, a s  d e f in e d  e a r l i e r ,  o f  
b o th  t h e  a b s o l u t e  and r e l a t i v e  measurements a t  each o f  t h e  D s e p a r a t i o n s .
D
cm 14.0 17*8
Energy (keV) 
2 0 .8  2 6 . 4 5 9 .5
9 .3 5 Absolute - 5 . 2 - 3 .3 - - 4 . 5 > 4 .6 - 3 .  2
R e l a t i v e - . 9 0 . 0 + .3 • 1 .2 - . 5
11 .25 Absolu te - 4 . 8 - 9 . 3 - 4 . 5 - 3 '  1 9. 1
R e l a t i v e + • 1 1 .8 - . 4 +1 4 + .8
14.85 Absolu te - 4 . 0 -8 0 - 1 0 . 8 - 6 . 2 - 8 .  1
R e l a t i v e +1*5 - . 4 + .7 - . 7 > . 2
19 .30 Absolu te - 8 . 8 - 4 . 5 - 6 . 2 - 7 . 1 2 . 5
R e l a t i v e - 1 . 1 + 1 8 - 1 . 2 + 5 - . 4
T ab le  6 , 3 , The r e l a t i v e  d i s c r e p a n c y ,  C due to  a b s o l u t e  and r e l a t i v e  
measurements o f  the  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  o f  g lu c o s e  s o l u t i o n  
(20g , /8 0 g  . w a te r ) ,  exp re s sed  as a p e r c e n t a g e .
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F o r  a l l  t h e  s o l u t i o n s  shown in t a b l e  6 . 2 ,  the r e s u l t s  o f  th e  r e l a t i v e  
measurements a r e  now r e p o r t e d  in  t a b l e  6 . 4 .  Again th e  same c o n c e n t r a t i o n s  
as fo r  t h e  a b s o l u t e  measurements were used so t h a t  a comparison cou ld  be
made between t h e  two.  For  a l l  e x c e p t  t h e  v e ry  low i n t e n s i t y ,  37 .3  and 43 .4
keV p e a k s ,  the  r e l a t i v e  d i s c r e p a n c y ,  C, i s  e q u a l l y  p l u s  or minus and l e s s
th an  2%.
As with  t h e  a b s o l u t e  measurements,  ten  d i f f e r e n t  s o u r c e -  d e t e c t o r
d i s t a n c e s  were used  fo r  each s o l u t i o n ,  a l though  on ly  two measurements a t
each  p o s i t i o n  were t a k e n ,  f i r s t  w i th  w a te r  in  p h i a l  and th e n  w i th  t h e
s o l u t i o n .  I t  should  be no ted  t h a t  i f  any i n d i v i d u a l  s e t  o f  d a t a  o r  t h e  
averaged  f l u x  d a ta  fo r  a given  s o l u t i o n  and p o s i t i o n  could  have been ta ken  
from th e  p r e v io u s  a b s o lu t e  measurements ,  th e  empty p h i a l  measurements would 
n o t  be needed s i n c e  t h e  t h e o r e t i c a l  (Jackson & Hawkes, 1981) wate r  l i n e a r  
a t t e n u a t i o n  c o e f f i c i e n t s  were u sed .
6 . 3 . 3  C onc lu s ions  fo r  Liquid  A bsorbe rs
For  a b s o l u t e  measurements o f  a l l  e n e r g i e s ,  e x c e p t  t h e  low i n t e n s i t y
3 7 .3  and 4 3 .4  keV p eak s ,  t h e  r e l a t i v e  d i s c r e p a n c y  i s  w i t h i n  5%.
The h i g h e s t  i n t e n s i t y  peak ,  5 9 .5  keV, has an a d d i t i o n a l  a d v a n t a g e ,  i n  
t h a t  t h e r e  i s  no Compton background.  The r e l a t i v e l y  low v a l u e  o f  t h e  
l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  v a l u e s ,  r e s u l t s  in a l a r g e  t r a n s m i s s i o n  o f  
p h o to n s ,  g i v i n g  good s t a t i s t i c s .
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A bso lu te  measurements  compared with  Jackson and Hawkes (1981) va lu e s  
show a c o n s i s t e n t l y  n e g a t i v e  d i f f e r e n c e  o f  s e v e r a l  p e r c e n t .  R e l a t i v e  
measurements show a marked r e d u c t i o n  in ’ t h e  r e l a t i v e  d i s c r e p a n c y ,  b u t  
d i f f e r e n c e s  between a b s o r b e r s  in t e rm s  o f  th e  e f f e c t i v e  atomic  numbers and 
t h e i r  e l e c t r o n  d e n s i t y  i s  v e ry  s l i g h t  so t h a t  e r r o r s  a r e  t h e  normal
e x p e r i m e n t a l  e r r o r .
Th is  s u g g e s t s  t h a t  t h i s  prob lem i s  i n h e r e n t  w i th  t h e  i n t r o d u c t i o n  o f  
an a b s o rb e r ,  which r e s u l t s  in  a s l i g h t l y  h ig h e r  d e t e c t e d  f l u x  t h a n  
e x p e c te d ,  hence a lower l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t .  I f  n o t  f o r  t h e  
t h e o r e t i c a l  ( s e c t i o n  3 .5 )  and th e  e x p e r i m e n t a l  ( c h a p t e r  5) p r o o f  t h a t  
s c a t t e r i n g  can be n e g l e c t e d  fo r  a l l  p r a c t i c a l  pu rposes  h e r e ,  t h i s  would be 
t h e  d e d u c t i o n .
In t h e  f o i l s  s e c t i o n ,  i t  w i l l  be shown t h a t  even when t h e  sm a l l  
amounts o f  s c a t t e r i n g  p r e s e n t  i s  reduced  (by comparison w i th  i n t e n s i t i e s
due to  smal l  d i f f e r e n c e s  in  p a th  l e n g t h  fo r  t h e  same a b s o r b e r s )  t h e r e  i s
s t i l l  a n e g a t iv e  r e l a t i v e  d i s c r e p a n c y .  In f a c t  the  e x p l a n a t i o n  i s  t h a t  t h e  
t h e o r e t i c a l  d i f f e r e n c e  between (A//5^  and i s  o n ly  a few p e r c e n t
t h i s  d i f f e r e n c e  i s  made up by th e  a d d i t i o n  (o r  s u b t r a c t i o n  i f  I s  > Iw) by 
t h e  lo g  te rm i n  e q u a t io n  ( 5 ) ,  and so s c a t t e r i n g  i s  n o t  invo lved  i f  t h e  
t h e o r e t i c a l  value o f  /*w i s  u sed .  I f  t h e  e x p e r i m e n t a l  va lue  o f  used
the n  t h i s  would be c a r r i e d  over t o  t h e  s o l u t i o n ’ s mass a b s o r p t i o n  
c o e f f i c i e n t  in  t h i s  e q u a t i o n .  The r e s u l t s  o f  g luc ose  s o l u t i o n  in  t a b l e  6 . 3  
con f i rm  t h i s  where no o b s e r v a b le  v a r i a t i o n  o f  the  r e l a t i v e  d i s c r e p a n c y  w i th  
t h e  source-  d e t e c t o r  d i s t a n c e  can be s e e n .
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i
R e l a t i v e  measurements a r e  always t o  be p r e f e r r e d  s i n c e  t h e  r e l a t i v e  
d i s c r e p a n c y  i s  o f  a much s m a l l e r  magnitude and randomly d i s t r i b u t e d  ( i  e 
+ / - )  about  0%.
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6 . 4  Measurements o f  S o l i d s
6 . 4 . 1  I n t r o d u c t i o n
The measurements o f  s o l i d s  has been d iv id e d  i n t o  3 s e c t i o n s  depending  
upon t h e  n a t u r e  o f  t h e  s o l i d .  F i r s t l y ,  m a t e r i a l s  o r i g i n a t i n g  as a powder 
a r e  c o n s i d e r e d .  These were compressed i n s i d e  a s t e e l  dye t o  a t h i c k n e s s  
d imension o f  l e s s  th a n  0 . 5  cm. The second group o f  m a t e r i a l s  were t h e  
hydrocarbon  p l a s t i c s ,  p e r s p ex ,  b a k e l i t e  and t e f l o n  f o r  which no p r e p a r a t i o n
was r e q u i r e d .  F i n a l l y ,  s l i c e s  o f  s i l i c o n  and g r a p h i t e  were used as a p a r t
o f  c o l l a b o r a t i o n  with  The I n t e r n a t i o n a l  Union o f  C r y s t a l l o g r a p h y  ( I .U .Cr .  ) 
(Creagh ,  1980). Also inc luded  in t h e  f o i l s  s e c t i o n  i s  aluminium.
In  th e  f i r s t  g roup o f  a b s o r b e r s ,  t h a t  o f  powdered s o l i d s ,  t h e s e  were
p re p a re d  as c y l i n d r i c a l  s l a b s  whose d e n s i t y  depended on t h e  amount o f  
p r e s s u r e  a p p l i e d  d u r in g  th e  com press ion  s t a g e s  and a l s o  on t h e  mass o f  t h e  
powder p la ced  i n s i d e  t h e  dye .  T h e r e f o re  t h e  mass a b s o r p t i o n  c o e f f i c i e n t ,  
be ing  inde p en d en t  o f  th e  d e n s i t y ,  i s  de te rm ined  f o r  t h e s e  a b s o r b e r s .
However, t h e  measurements f o r  t h e s e  o t h e r  a b s o r b e r s  p r e s e n t  a problem.  
The h ig h e r  v a l u e s  o f  th e  mass a b s o r p t i o n  c o e f f i c i e n t ,  e s p e c i a l l y  fo r  sodium 
c h l o r i d e  a t  lower  energy  (<17 .0  keV) meant t h a t  t h i n n e r  a b s o r b e r s  a r e  used 
fo r  longe r  c o i n t  t i m e s .  The former e n s u re s  t h a t  t h e  low energy  peaks  a r e  
n o t  masked and t h a t  t h e  t r a n s m i s s i o n  r a t i o s  a re  s t i l l  w i t h i n  a s p e c i f i e d
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range  ( s e e  Appendix A.)  and t h e  l a t t e r  fo r  good s t a t i s t i c s .
Th is  problem i s  overcome by u s in g  small-er masses o f  s a l t s  and n o t  
ap p l y in g  so much p r e s s u r e  in  t h e  dye so t h a t  th e  d e n s i t y  i s  k e p t  low, b u t  
s t i l l  enough to  ensu re  t h a t  sm al l  p o c k e t s  o f  a i r  do n o t  remain t r a p p e d  
(Lewer, 1980).
F or  sodium c h l o r i d e  even f o r  t h e  t h i n n e s t  specimen p r e p a r e d ,  t h e r e  was 
no e v id e n c e  o f  t h e  f i r s t  t h r e e  peaks  by o b s e r v a t i o n  from the  m u l t i c h a n n e l  
a n a l y s e r  o r  by th e  spec t rum  a n a l y s i n g  program.
Of t h e  f o i l s ,  the  s i l i c o n  and carbon  were s e c u r e l y  h e ld  in s p e c i a l l y  
des ig n ed  p l a s t i c  h o l d e r s  a l l o w i n g ,  a p p ro x im a te ly  1 cm2 t o  be exposed ,  
whereas t h e  aluminium samples were sq u a re  p i e c e s  o f  2 .5 1  cm s i d e s .  For  
s i l i c o n  and aluminium because  o f  t h e i r  g r e a t e r  mass a b s o r p t i o n  c o e f f i c i e n t  
f o r  t h e  lower e n e r g i e s  ( < 2 0 k e V ) ,  t h e  measured i n t e n s i t i e s  were d e a l t  w i th  
in  two groups  o f  d i f f e r i n g  t h i c k n e s s e s  so t h a t  t h e  t r a n s m i s s i o n  r a t i o  in  
each s e c t i o n  were w i th i n  t h e  t h e  r a n g e  two to  t h i r t y  (appendix  A).  The 
s m a l l e r  t h i c k n e s s e s  fo r  t h e  low energy  peaks and t h e  l a r g e r  p a t h  l e n g t h s  
fo r  t h e  h ig h e r  ene rg y  p e a k s .
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6 . 4 . 2  Powdered S o l i d s
F o r  an a b s o r b e r  made up o f  l a y e r s  o f  t h e  same compound, each one 
d i f f e r i n g  in  d e n s i t y  and t h i c k n e s s ,  t h e  t r a n s m i t t e d  i n t e n s i t y  a f t e r  t h e  
i ' t h  l a y e r  i s  given  by
I t. = i 0 j ~  j t  f ^ J < l
I .  ^  ^  ^
--------(\o)
t
' -  U ( r i M l i )
u
T V  1
<Xa. ^
21 v *  = i \ - 4 -  .  z»i * n*
J -  1 J-* i T r r .  A : . *rrr .
J  7
i  ^ ( 1 . )  _  A  U ( I ; )   ( „ j
Page 139 Chapter  6 Measurement
So a p l o t  o f  ( y - a x i s )  vs l n d ^ )  ( x - a x i s )  y i e l d s  t h e  va lu e  o f
o f  -A/U f o r  t h e  g r a d i e n t  and A . l n ( I o ) / U  f o r  t h e  i n t e r c e p t .  Th is  i s
performed f o r  each  energy  s e p a r a t e l y .  Using th e  same s t e e l  dye t o  form t h e
d i s k  shaped a b s o r b e r s  e n s u r e s  t h a t  t h e i r  r a d i i  a r e  t h e  same va lue  2 .51  cm, 
each t im e .
The measurements  were c a r r i e d  o u t  u s in g  the  s m a l l e s t  c o n v e n i e n t
sou rce  d e t e c t o r  d i s t a n c e ,  so t h a t  t h e  count  r a t e  i s  as  h ig h  as p o s s i b l e
when t h e  a b s o r b e r s  a r e  i n t r o d u c e d  which would p r e s e n t  much h i g h e r
a t t e n u a t i o n  f o r  t h e  same l e n g th  tha n  would w a te r .  Even though t h e  s l a b s  
were much t h i n n e r  t h a n  t h e  w a te r  p a t h  t h e  t r a n s m i s s i o n  r a t i o  was s t i l l  much 
g r e a t e r  f o r  t h e  former.
For  a g iven  compound, each s l a b  i s  p la c e d  in  t h e  pho ton p a th  w i th  a
p a i r  o f  tw e e z e r s  between c o u n t in g  p e r i o d .  For  a l l  t h e  measurements  h e r e
t h e  d i s t a n c e  D was f ix e d  a t  8 . 3 5  cm and t h e  d i s t a n c e  b kep t  a t  2 . 5 7  cm.
This al lowed easy  a c c e s s  t o  p l a c e  o r  remove s l a b s .
Table  6 . 5  shows t h e  measurements o f  i n t e n s i t i e s  f o r  a g lu c o se -D
a b s o r b e r s .  The l e f t -  most column g ives  t h e  w eight  and d e n s i t y  o f  each o f  
t h e  a b s o r b e r s .  A s t r a i g h t  l i n e  f i t  o f  t o t a l  mass a g a i n s t  l n ( I ^ )  y i e l d e d
t h e  i n t e r c e p t  c and t h e  g r a d i e n t  m. The g r a d i e n t  i s  a l s o  given i n  t h i s
t a b l e  a long  with  t h e  mass a b s o r p t i o n  c o e f f i c i e n t  t h e r e b y  d e r iv e d  and i t s  
r e l a t i v e  d i s c r e p a n c y ,  C.
Table  6 . 6  g ives  t h e  mass a b s o r p t i o n  c o e f f i c i e n t  v a lu e s  d e r iv e d  from 
e q u a t io n  (2 ) ,  a long  with  t h e  av e ra g e  and one s t a n d a r d  d e v i a t i o n .
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T h i s  same procedure  i s  fo l low ed  with  t h e  o t h e r  powdered a b s o r b e r s ,  
t h a t  i s ,  f i r s t  fo r  t h e  chosen  mass,  t h e i r  t r a n s m i s s i o n  i n t e n s i t i e s  a r e  
measured ,  and then t h e i r  mass a b s o r p t i o n  c o e f f i c i e n t ’ s ,  ( M i r )  •
‘ s t a n d a r d  d e v i a t i o n ,  . ’ anc  ^ r e l a t i v e  d i s c r e p a n c y ’s ,  C, a r e
c a l c u l a t e d .  Fran t h e s e  a r e  d e r iv e d  th e  averaged  and one s t a n d a r d  
d e v i a t i o n ,  ( (>!/>) ) ,  and t h e  averaged r e l a t i v e  d i s c r e p a n c y .  The
measured i n t e n s i t i e s  a r e  the n  a g a in  used fo r  a l e a s t  s q u a r e s  f i t t i n g  t o  a 
s t r a i g h t  l i n e  t o  o b t a i n  t h e  g r a d i e n t  -m= —A/jU* and t h e  i n t e r c e p t  c =
^  A l n ( I . ) / J H -
Table  6 . 7  p r e s e n t s  t h e  v a l u e s  , cT(juJf) ancJ c f o r  t h e  o t h e r
a b s o r b e r s  in  t h i s  s e c t i o n ,  and t a b l e  6 .8  g ives  t h e  g r a d i e n t -  d e r iv e d  4
and t h e  r e l a t i v e  d i s c r e p a n c y ,  C, v a l u e s .
6 . 4 . 3  Hydrocarbon P l a s t i c s
These were a v a i l a b l e  a l r e a d y  machined fo r  t h e  s t r a i g h t -  fo rw ard  
a b s o r b e r - i n /  a b s o r b e r - o u t  measurements.  The l i n e a r  a t t e n u a t i o n  
c o e f f i c i e n t s  were de te rm ined  from t h e  e x p o n e n t i a l  B e e r ' s  law ( e q u a t i o n  ( 2 ) )  
and t h e  a b s o r b e r  d e n s i t y  from th e  mass t o  volume r a t i o .  The mass 
a b s o r p t i o n  c o e f f i c i e n t s  were th e n  de t e rm in e d .  The t e f l o n  sam ples  were 
o b ta in e d  from London U n i v e r s i t y  R eac to r  Cen t re  (Kidd,  1980) and t h e  p e r s p e x  
from U n i v e r s i t y  C o l l eg e  H o s p i t a l  ( T u f t s ,  1979).  The b a k e l i t e  p u r i t y  was 
quoted  to  be 99-9% by t h e  manufactureV.
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i
The a b s o rb e r  l e n g t h s  were v a r i e d  from .5  t o  4 . 0  cm so t h a t  t h e  
t r a n s m i s s i o n  r a t i o s  I o / I  would be w i t h i n  t h e  r e q u i r e d  l i m i t s  (Appendix A) 
f o r  th e  lower ene rgy  (<20 keV f o r  t e f l o n )  peaks f o r  t h e  s h o r t e r  pho ton  p a th  
l e n g t h s .  The s o u r c e -  a b s o r b e r -  d e t e c t o r  d i s t a n c e s  were a l s o  v a r i e d  and t h e  
l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t s  were de te rm ined  f o r  seven f i x e d  s o u r c e -  
d e t e c t o r  and a b s o r b e r -  d e t e c t o r  s p a c i n g s .
Table  6 . 9  p r e s e n t s  t h e s e  measured mass a b s o r p t i o n  c o e f f i c i e n t s ,  one 
s t a n d a r d  d e v i a t i o n  and t h e i r  r e l a t i v e  d i s c r e p a n c y .
6 . 4 . 4  F o i l s
The r em a in in g  t h r e e  a b s o r b e r s  from t a b l e  4 .1  a r e  a l l  f o i l s  and a r e  
c o n s id e re d  in  t h i s  s e c t i o n .  Two o f  them, s i l i c o n  and g r a p h i t e ,  were
s u p p l i e d  by I  U.Cr.  (Creagh 1980),  as  p a r t  o f  o f  an i n t e r n a t i o n a l  s u rv e y
on the  methods o f  measurements o f  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  and mass 
a b s o r p t i o n  c o e f f i c i e n t .  The aluminium f o i l s  were s u p p l i e d  by Goodfel low 
M e ta l s .  The p u r i t y  of  a l l  t h e s e  samples was quoted t o  99.99% f r e e  o f
im p u r i t y .  For aluminium, t h e  h i g h e s t  a tomic  number o f  t h e  i m p u r i t y  was 30
( i . e . ,  copper )  be ing  on ly  5ppm and t h e  h i g h e s t  im p u r i t y  c o n c e n t r a t i o n  was 
t h a t  o f  magnesium (20ppm), whereas f o r  ca rbon  t h e  o n ly  major i m p u r i t y  was 
copper p r e s e n t  a t  0 .01ppn.  In t h e s e  r a t i o s ,  th e  c o n t r i b u t i o n  t o  t h e  
measured mass a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  w ors t  c a s e  o f  14 keV peak 
would s t i l l  be l e s s  than  0 . 0 2%.
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The d e n s i t i e s  o f  t h e s e  a b s o r b e r s  a r e  a l l  w ell  known, be ing  2250,  2700
and 2320 kg/m3 f o r  c a rb o n ,  aluminium and s i l i c o n  r e s p e c t i v e l y .  In t h i s  
s e c t i o n ,  though t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  i s  d e r ived  d i r e c t l y ,  
‘ t h e s e  v a l u e s  w i l l  be d iv i d e d  by t h e i r  a b s o r b e r  d e n s i t y  t o  p r e s e n t  t h e  mass 
a b s o r p t i o n  c o e f f i c i e n t s  in  t h e  f o l l o w i n g  t a b l e s ,  a s  has been fo r  a l l  t h e  
a b s o r b e r s  h e r e .
For  s i l i c o n  and alumin ium,  t o  a c h i e v e  the  d e s i r e d  t r a n s m i s s i o n  r a t i o s  
f o r  t h e  low and h ig h  energy  r e g i o n s ,  t h e  d a t a  were s e p a r a t e d  in  two groups 
o f  smal l  and l a r g e r  t h i c k n e s s e s  r e s p e c t i v e l y .  F o r  s i l i c o n  t h e  t h i c k n e s s e s  
ranged from .4mm t o  4mm, and f o r  ca rbon  from 2mm t o  6mm, and t h e  aluminium 
ranged from .5mm t o  5 mm.
The f i r s t  method by which t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t s  a r e  
de te rm ined  i s  by r e a r r a n g i n g  e q u a t io n  (2)  t o  o b t a i n  t h e  l i n e a r  r e l a t i o n s h i p  
between t h e  a b s o rb e r  t h i c k n e s s ,  x,  and th e  log  o f  "the t r a n s m i t t e d  
i n t e n s i t y ,  l n ( I ) ,  g iven  by
x -  - 1  M  0  + 1 M i * )  (■'z >
A M
The g r a d i e n t  o f  t h i s  e q u a t io n  , m, i s  th e  r e c i p r o c a l  o f  t h e  l i n e a r  
a t t e n u a t i o n  c o e f f i c i e n t ,  * This  method u ses  a l l  t h e  observed
i n t e n s i t i e s  , I ; o f  the  t h i c k n e s s e s  used so t h a t  s t a t i s t i c a l  f l u c t u a t i o n s  on 
i n d i v i d u a l  o b s e r v a t i o n s  when c o n s id e r e d  c o l l e c t i v e l y  have  been averaged  
ou t  t o  produce  a s t r a i g h t  l i n e  f i t  t o  t h e  above e q u a t io n  (12)* As w i th  
t h e  measurements o f  th e  powdered a b s o r b e r s ,  t h i s  method o n ly  g iv e s  one 
va lue  o f  t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t ,  and t h e s e  a r e  g iven  i n  t a b l e
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6 . 1 0  f o r  th e  t h r e e  f o i l  a b s o r b e r s  used .
F or  the  second method t h e  t r a n s m i t t e d  i n t e n s i t y  i s  assumed to  be t h e  
sum o f  t h e  i n t e r a c t e d  pho tons  p l u s  some s y s t e m a t i c  v a r i a t i o n ,  Ns, the n  an 
e q u a t io n  can be d e r iv e d  from th e  s u b t r a c t i o n  o f  two i n t e n s i t i e s  o f  a b s o rb e r  
p a th  l e n g t h s  x n and x4 , from which th e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  
yUhllKt can be o b t a i n e d .  The e q u a t io n  i s  so lved  n u m e r i c a l l y .
T h e r e f o re  e q u a t io n  (2)  can be w r i t t e n  as
I  = Ix + N s  (13)
= Io .e x p ( -> U .x )  + Ns. -------- (14)
f o r  photon p a th  l e n g t h s  o f  x ,  and x 4 m
I ,  = Io .e x p {  jul x ,}  + .Ns, -------: 0 s )
& I z = Io .e x p { -> i  x a } + Ns* -------- (1-6)
where I  , I 4 and Io  a r e  t h e  measured i n t e n s i t i e s ,
then  I, - I x = IoCexp{-yux ,} -  exp{^ux 4}] + (Ns, -  Nst ) —  (17)
As x , — x 4 then  (Ns, -  Ns4 ) —* 0
s o  f o r  sm a l l  (x ,  -  x 2 ),  I o [ e x p ( / \ x , }  -  exp{>Ux4 }] »  (Ns1-Nsx )
. . exp{ /Ax,}  -  exp{;Ux*} = ( I ,  -  I * ) / I o  ------- (18)
Using t h e  Newton- Raphson i t e r a t i v e  method t e c h n i q u e ,  e q u a t io n  (18) i s  
solved  n u m e r i c a l l y ,  and t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  t h e r e b y  o b ta in e d  
i s  deno ted  Unlike th e  t h e  above method though ,  more t h a n  one v a lu e
o f  t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  can be o b a t in e d  h e r e .  The number 
depends  on t h e  p o s s i b l e  pern iua t ions  o f  two photon p a th  l e n g t h s ,  x,  and x 2 ,
fo r  t h e  t o t a l  number o f  t h i c k n e s s e s  used .
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T h e r e f o re  fo r  t h i s  method C hauvene t ’s c r i t e r i a  ( s e c t i o n  6 . 2 )  was
a p p l i e d  to  a l l  t h e  v a l u e s  o f  / * hl4l^  fo r  a g iven  a b s o r b e r  and e n e r g y ,  and
th e  mean and one s t a n d a r d  d e v i a t i o n  o f  th e  rem a in ing  s e t  o f  v a l u e s  a r e
p r e s e n t e d  in  t a b l e  6 . 1 1 ,  as w e l l  as  t h e  r e l a t i v e  d i s c r e p a n c i e s  o f  t h e  mean.
5 C onc lus ions  fo r  Solid  Absorbers
F o r  powdered s o l i d s  w i th  h i g h  atomic  numbers ( u s u a l l y  g r e a t e r  t h a n  10) 
which imply a much g r e a t e r  mass a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  low energy  
peaks ( l e s s  tha n  20 keV),  i t  becomes i n c r e a s i n g l y  d i f f i c u l t  to  d i s c r i m i n a t e  
between peaks and background ,  a s  has  been seen f o r  t h e  sodium c h l o r i d e  
c a s e .  For  ca lc ium c h l o r i d e  t h i s  p r e s e n t e d  a much g r e a t e r  problem i n  t h a t  
even t h e  2 2 . 2  keV peak cou ld  n o t  be seen  f o r  a photon p a t h  l e n g t h  o f  on ly
0 . 3  cm, and t h e  2 6 . 4  keV.peak could  o n ly  j u s t  be d i s t i n g u i s h e d ,  and was
t h e r e f o r e  om i t t e d  from t h i s  s e c t i o n .  However, measurements were made f o r
ca lc ium  c h l o r i d e  in  s o l u t i o n  and t h i s  p roced u re  could  be fo l low ed  f o r  any
\
o t h e r  s u i t a b l e  s o l u t e  and s o l v e n t  c o m b in a t i o n s .
The masking o f  low energy  peaks a l s o  p r e s e n t e d  a problem f o r  t h e  s t u d y
of p l a s t i c s ,  where aga in  t h e  d a t a  had to  be looked a t  in  two s t a g e s -----
reduced and l a r g e r  p a th  l e n g t h s  such t h a t  t h e  t r a n s m i s s i o n  r a t i o  i s  w i t h i n  
t h e  s p e c i f i e d  r a n g e ,  w i th  t h e  r e l a t i v e  d i s c r e p a n c y  be ing  between - 2  t o  -5%.
The r e l a t i v e ,  d i s c r e p a n c i e s  show t h a t  in  g e n e r a l ,  i f  t h e  mass 
a b s o r p t i o n  c o e f f i c i e n t  i s  g r e a t e r  th a n  about  5 cm2/g then  t h e  r e l a t i v e
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d i s c r e p a n c y  can be as h ig h  as -1055, and t h a t  i f  i t  i s  l e s s  tha n  t h i s ,  t h e  
r e l a t i v e  d i s c r e p a n c y  u s u a l l y  ranges  between - 2  and -555 Beyond t h i s ,  no 
o t h e r  c o r r e l a t i o n  can be seen  between t h e  peak energy  and t h e  r e l a t i v e  
d i s c r e p a n c y  for  a g iven  a b s o r b e r .  F o r  t h e s e ,  a s  fo r  s o l u t i o n s ,  t h e  
s t a n d a r d  d e v i a t i o n s  and t h e  r e l a t i v e  d i s c r e p a n c y s  a re  in  t h e  same r a n g e .
The micrometer  s c rew  gauge e n ab le  l e n g t h  measurements o f  up t o  3 cm t o  
an ac c u ra c y  of + / - 0 .0 0 1  cm, f o r  which t h e  f r a c t i o n a l  e r r o r ,  S x /x ,  i n c r e a s e s  
h y p e r b o l i c a l l y  as x d e c r e a s e s  T h e r e f o re  t h e  f r a c t i o n a l  s y s t e m a t i c  e r r o r
on a s i n g l e  o b s e r v a t i o n  o f  t h e  mass a b s o r p t i o n  c o e f f i c i e n t  f o r  f o i l s ,
in t r o d u c e d  due to measurements  o f  t h e  photon  p a th  l e n g t h  i s  abou t  t e n  t im e s  
t h a t  o b t a i n e d  fo r  l i q u i d  a b s o r b e r s .  For  high atomic number a b s o r b e r s  a t  
low e n e r g i e s ,  (<20 keV),  the  s t a t i s t i c a l  e r r o r  i n c r e a s e s  due t o  t h e  lower 
count  r a t e  o f  t r a n s m i t t e d  i n t e n s i t y ,  as  for  f o i l s  o f  aluminium and s i l i c o n ,  
g i v i n g  a g r e a t e r  v a r i a n c e .  Also  because  o f  the  g r e a t e r  f r a c t i o n a l  e r r o r  in  
t h e  t r a n s m i t t e d  i n t e n s i t y ,  t h i s  l e a d s  t o  a l a r g e r  v a r i a t i o n  in  t h e  measured 
va lue  o f  t h e  mass a b s o r p t i o n  c o e f f i c i e n t ,  i . e .  t h e  s t a n d a r d  d e v i a t i o n .
The measurements o f  th e  mass a b s o r p t i o n  c o e f f i c i e n t s  o f  t h e  compressed 
powdered s o l i d s  c o n s i d e r s  mass as  t h e  in d e p e n d e n t  v a r i a b l e ,  which can  be 
measured to  w i th i n  0.0001 g ac c u ra c y .  T h e re fo re  t h e  s y s t e m a t i c  e r r o r  IS
g r e a t e r  f o r  t h e  lower masses .  The e r r o r  i n t r o d u c e d  by t h e  measurement o f
t h e  c r o s s -  s e c t i o n  o f  the  s l a b  a b s o r b e r s  has  been c o n s id e r e d  b u t  n e g l e c t e d  
s i n c e  t h e i r  r a d i i  a r e  o b ta in e d  from th e  d e t e r m i n a t i o n  o f  t h e  i n n e r  d i a m e t e r  
o f  th e  s t e e l  dye u s i n ' a  t r a v e l l i n g  m ic roscope .
Of t h e  two methods for  d e t e r m in i n g  t h e  mass a b s o r p t i o n  c o e f f i c i e n t  o f
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f o i l s ,  f o r  a l l  e x c e p t  t h e  ca rbon  v a lu e s  a t  18.9 and 2 2 .2  keV, th e  r e l a t i v e  
d i s c r e p a n c i e s  o f  th e  n u m e r i c a l  s o l u t i o n  t o  e q u a t io n  (18) show a downward 
t r e n d  to  th o s e  compared with  t h e  g r a d i e n t  d e r iv e d  va lues*  T h i s  means t h a t  
t h e  observed s y s t e m a t i c  v a r i a t i o n  in  t h e  r e l a t i v e  d i s c r e p a n c y  i s  due t o  t h e  
p r e s e n c e  o f  the  a b s o r b e r ,  s i n c e  t h e  num e r ica l  s o l u t i o n  c o n s i d e r s  t h e  
d i f f e r e n c e  between two t h i c k n e s s e s .
6 . 5  Conc lu s ions
A l l  measurements o f  mass a b s o r p t i o n  c o e f f i c i e n t s  have  now been r e p o r t e d .
F or  a l l  t e c h n i q u e s ,  exce p t  t h e  r e l a t i v e  to  w ate r  measurements  o f  s o l u t i o n s ,
th e  c o n s i s t e n t l y  n e g a t i v e  v a lu e s  o f  t h e i r  r e l a t i v e  d i s c r e p a n c i e s  i m p l i e s  t h e
p re s e n c e  o f  a s y s t e m a t i c  e r r o r ,  p roduc ing  a g r e a t e r  c o n t r i b u t i o n  t o  t h e
d e t e c t e d  t r a n s m i t t e d  i n t e n s i t y  th a n  t h a t  p r e d i c t e d  by c a l c u l a t i o n s  o f  R ay le igh
s c a t t e r i n g  from a b s o r b e r  atoms ( s e c t i o n  3 . 5 ) .  The f a c t  t h a t  i t  does  n o t
happen f o r  r e l a t i v e  t o  w ate r  measurements o f  s o l u t i o n s ,  s u g g e s t s  t h a t  t h i s
PaXk,
s y s t e m a t i c  change i s  due to t h e  i n t r o d u c t i o n  o f  th e  a b s o rb e r  i n  t h e  p h o t o n ^  
s i n c e  in  t h i s  t e c h n i q u e ,  the  i n c i d e n t  i n t e n s i t y  i s  n o t  c o n s i d e r e d  b u t  o n ly  t h e  
w a te r  and s o l u t i o n  t r a n s m i t t e d  i n t e n s i t i e s ,  bo th  o f  which a r e  e x p e c te d  t o  be 
s i m i l a r  b eca use  o f  i t s  sm al l  d i f f e r e n c e s  in  a tom ic  number and e l e c t r o n  
d e n s i t y .
This a b s o r b e r  dependency on th e  s y s t e m a t i c  v a r i a t i o n  i s  a l s o  s u g g e s t e d  by 
t h e  f o i l s  measurements where a d e c r e a s e  i n  r e l a t i v e  d i s c r e p a n c i e s  can be 
o b s e rv ed ,  f o r  t h e  lower energy  peaks ,  (<20 keV), from t h e  g r a d i e n t  d e r iv e d
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c o e f f i c i e n t s  t o  t h e  nu m e r ica l  s o l u t i o n  o f  e q u a t io n  (18 ) .
The exam ina t ion  o f  the  r e l a t i v e  d i sc repa nc ie s ,  used f o r  a l l  measurements 
o f  mass a b s o r p t i o n  c o e f f i c i e n t s  h e r e ,  s e rv e s  two purposes} one i s  t h a t  i t  
e n a b le s  two inde penden t  measurements  o f  t h e  same q u a n t i t y  (by t h e  same 
e x p e r im e n te r  o r  by d i f f e r e n t  peop le  in  d i f f e r e n t  l a b o r a t o r y  t o  be compared 
wi th  each  o t h e r .  The second i s  t h a t  u l t i m a t e l y  any d e t e r  m in a t io n  o f  e i t h e r  
t h e  l i n e a r  a t t e n u a t i o n  o r  t h e  mass a b s o r p t i o n  c o e f f i c i e n t s  th ro u g h  
e x p e r im e n ta l  means has  t o  be compared with  t h e  t h e o r e t i c a l  d a t a  t o  g iv e  an 
i n d i c a t i o n  o f  t h e  a c c u r a c y  of t h e  d a t a .  Although th e  i n v e r s e  i s  a l s o  t r u e ,  in  
t h a t  t h e o r e t i c a l  d a t a  must be backed up by ex p e r im e n ta l  d a t a ,  i f  t h e  v a l i d i t y  
of t h e  v a r i o u s  models  used in  t h e i r  d e r i v a t i o n  a r e  t o  h o ld .
Observing a l l  t h e  measured d a t a  p r e s e n t e d  in t h i s  c h a p t e r ,  t h e  a b s o l u t e  
magnitude o f  t h e  r e l a t i v e  d i s c r e p a n c y  can be s p l i t  i n t o  t h r e e  c a t e g o r i e s .  The 
r e l a t i v e  to  w a te r  measurements o f  s o l u t i o n s  where t h e  observed  r e l a t i v e  
d isc repanc ies  a r e  o n ly  p l u s  or  minus a few p e r c e n t .  I f  t h e  mass a b s o r p t i o n  
c o e f f i c i e n t  i s  g r e a t e r  th a n  abou t  5 c m .s q /g .  a n d / o r  i f  t h e  t r a n s m i s s i o n  r a t i o  
i s  t o o  h ig h  ( i . e .  more th a n  30),  th e n  i t  i s  a lmost  always g r e a t e r  t h a n  -5%. 
The f i r s t  f a c t o r  o c c u r s  fo r  t h e  lower ene rgy  peaks fo r  t h e  h i g h e r  e f f e c t i v e  
a tomic  number compounds,  i . e .  f o r  sodium s u l p h a t e ,  s i l i c a ,  c a l c iu m  c h l o r i d e ,  
sodium c h l o r i d e ,  s i l i c a  and aluminium. But t h e r e  were exem pt ions  from t h i s  
r u l e ,  fo r  t h e  17.8  keV peak of  sodium c h l o r i d e ,  the  g r a d i e n t  d e r iv e d  mass 
a b s o r p t i o n  c o e f f i c i e n t  ( t a b l e  6 . 8 )  showsd a -4.5% d i s c r e p a n c y  w i th  t h e o r y ,  and 
fo r  aluminium th e  1*1.0 keV peak for  t h e  nu m e r ica l  s o l u t i o n  o f  t h e  l i n e a r  
a t t e n u a t i o n  c o e f f i c i e n t  was -4.9% ( t a b l e  6 . 1  i!). o -< • -
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The t h i r d  c a t e g o r y  i s  where t h e  r e l a t i v e  d i s c r e p a n c y s  a r e  w i t h i n  -5% and 
fo r  which t h e  t r a n s m i s s i o n  r a t i o s  were managed w i th i n  30.  Th is  was done ,  
e i t h e r  u s i n g  a low enough t h i c k n e s s  o f  a b s o rb e r  o r  in t h e  c a s e  o f  powdered 
s o l i d s  by r e d u c in g  the  mass p e r  u n i t  c r o s s -  s e c t i o n a l  a r e a .  The a b s o r b e r s  
which can be i n c lu d e d  h e r e  a r e  a l l  t h e  p l a s t i c s ,  carbon from th e  f o i l s  s e c t i o n  
and a l l  t h e  a b s o l u t e  measurements o f  t h e  s o l u t i o n s  ( a s  wel l  as  w a te r )  e x c e p t  
fo r  t h e  low energy  peaks f o r  ca lc ium  c h l o r i d e  and h ig h e r  c o n c e n t r a t i o n  
(20g/80g w a te r )  o f  sodium c h l o r i d e .
In view o f  t h i s  observed  s l i g h t  dependency o f  th e  r e l a t i v e  d i s c r e p a n c y  on 
t h e  a b s o r b e r  a tomic  number and photon en e rg y ,  i . e .  C(Z,E),  an  a t t e m p t  was 
made a t  a t h i r d ,  f o u r t h  and f i f t h  o r d e r  po lynom ia l  f i t  o f  C w i th  Z and E, t o  
an e x p o n e n t i a l ,  l c g a r i t h m i c  and po lynomia l  f u n c t i o n .  However, none were a b l e  
t o  show any c o r r e l a t i o n  between t h e s e  v a r i a b l e s  a g a i n s t  t h e  measured d a t a .
The s t a n d a r d  d e v i a t i o n  t o o  depended on t h e  va lu e  o f  th e  mass a b s o r p t i o n  
c o e f f i c i e n t s  i n  t h a t  f o r  a l a r g e r  v a l u e ,  over many measurements t h i s  te n d ed  to  
sp read  t h e  v a r i a n c e  o f  because  o f  t h e  g r e a t e r  f r a c t i o n a l  u n c e r t a i n t y  o f
t h e  t r a n s m i t t e d  d e t e c t e d  i n t e n s i t y  o f  i n d i v i d u a l  measurements ,  a l t h o u g h  h e r e  a 
s i n g l e  va lue  o f  z*!/5 canno t  be quoted  as t h a t  above which a r e  produced  l a r g e  
and v ic e  v e r s a .  Fo r  t h e  a b s o l u t e  and r e l a t i v e  measurements  o f  
s o l u t i o n s ,  t h e  s t a n d a r d  d e v i a t i o n s  remained w i th i n  2% o f  t h e  a b s o l u t e  v a l u e  o f  
t h e  mass a b s o r p t i o n  c o e f f i c i e n t s ,  b u t  fo r  t h e  powdered s o l i d s  i n  t h e  low 
e nergy  r e g i o n ,  th e  h ig h  a t t e n u a t o r s  showed about  a 7% f r a c t i o n  h e r e .
This t r e n d  i s  seen f o r  a l l  t h e  a b s o r b e r s  h e r e ,  i n  t h a t  f o r  h ig h  ylf* t h e  
sp read  in  i t s  measured va lues  i n c r e a s e s ,  beca u se  o f  th e  g r e a t e r  u n c e r t a i n t y  in
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t h e  t r a n s m i t t e d  i n t e n s i t y .
In  t h e  measured mass a b s o r p t i o n  c o e f f i c i e n t  t a b l e s ,  t h e  s t a n d a r d  
d e v i a t i o n s ,  <f(/*j{>) r a t h e r  t h a n  t h e  t o t a l  e x p e r i m e n t a l  e r r o r  r e p r e s e n t i n g
a com bina tion  o f  e r r o r s  on s i n g l e  o b s e r v a t i o n s ,  have been p r e s e n t e d ,  a s  t h i s  
g ives  a b e t t e r  i n d i c a t i o n  o f  th e  r e p r o d u c i b i l i t y  o f  th e  r e s u l t  b e in g  measured,  
tha n  t h e  l a t t e r .
The r e l a t i v e  d i s c r e p a n c i e s  can a l s o  be used  to  compare t h e  measured d a t a  
h e r e  w i th  t h e  t a b u l a t e d  d a t a  o f  Hub b e l l  ( 1977),  V e ige le  (1973) and Storm and 
I s r a e l  (1970) ,  s i n c e  t h e  d i f f e r e n c e  between t h e s e  a u t h o r s  and Jackson  and 
Hawkes (1981) l i n e a r  a t t e n u a t i o n / m a s s  a b s o r p t i o n  c o e f f i c i e n t  i s  l e s s  t h a n  0.5% 
f o r  th e  d i a g n o s t i c  ene rgy  r e g io n  and. a tom ic  numbers up to  20.  A comparison 
between t h e s e  r e s u l t s  and M i l l a r  and G r e e n i n g > (197*0,  a l th o u g h  t h e i r  d a t a  i s  
compared with  Storm and I s r a e l  ( 1970), can be made by aga in  l o o k i n g  a t  t h e  
quoted r e l a t i v e  d i s c r e p a n c i e s  ( c a l l e d  p e r c e n t  d i f f e r e n c e  by M i l l a r  and 
G reening)  where t h e  photon e n e rg y  and a b s o r b e r  a tom ic  number r e g i o n  o v e r l a p .  
Th is  r e g i o n  i s  1<Z<18 and 14<E<25 keV. T h e i r  r e l a t i v e  d i s c r e p a n c i e s  r a n g e  
from -2.7% (carbon a t  5 kev)  t o  +2.7% ( n i t r o g e n  a t  8keV) f o r  a l l  a b s o r b e r s  
exce p t  magnesium fo r  which t h e y  were as  h igh  as  4.4% ( a t  6 keV).  No 
e x p l a n a t i o n  was given  f o r  t h i s *
A s i m i l a r  compar ison between t h e  r e l a t i v e  d i s c r e p a n c i e s  g iven  h e r e  and 
from th e  measurements  o f  McCrary, Plassmann,  e t . a l .  (1967)  showed o n ly  a 
p o s i t i v e  r e l a t i v e  d i s c r e p a n c y  v a r i a t i o n  when t h e i r  d a t a  were '  compared w i th  
Veigele (1973) f o r  th e  e l em en t s  b e r y l l i u m ,  ca rbon ,  magnesium and aluminium f o r  
t h e  ene rgy  r e g io n  between 30 t o  60 keV. For Z ’ s l e s s  th a n  t e n ,  t h e  r e l a t i v e
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d i s c r e p a n c y  was i n v e r s e l y  r e l a t e d  to  bo th  t h e  a tomic  number and t h e  pho tcn  
ene rgy ,  where i t  was as  h igh  as 6% and 5% f o r  b e r y l l i u m  a t  30 and 40 keV 
r e s p e c t i v e l y .  T h e i r  measurements were conducted  u s in g  an x - r a y  tu b e  and a Nal 
d e t e c t o r  u s i n g  a q u a r t z  c r y s t a l  as  t h e  d i f f r a c t i o n  g r a t i n g .  But in  t h e i r  
p a p e r ,  t h e y  did  n o t  show any compar ison w i th  any of  th e  t h e n  t a b u l a t e d  d a t a .
T h e re fo re  t h e  r e s u l t s  where t h e  measured mass a b s o r p t i o n  c o e f f i c i e n t s  
were l e s s  th a n  5 cm2/g,  compare f a v o u r a b l y  wi th  t h e s e  a u t h o r s  X-ray  tube  
measurements o f  a t t e n u a t i o n  c o e f f i c i e n t s .
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7 'Summary and S u g g e s t io n s  for  F u r t h e r  Work
The fundamenta l  p h y s i c a l  a s p e c t s  o f  photon a t t e n u a t i o n  th rough  a b s o r b e r s  o f  
low atomic number,  Z,  and low photon  energy  E ,  has been c o n s id e r e d  b o th  
t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  fo r  t h i s  w ork .
D e ta i l e d  c a l c u l a t i o n s  o f  th e  R ay le igh  s c a t t e r i n g  a r i s i n g  from w i t h i n  t h e  
ab s o rb e r  and r e s u l t i n g  in  s c a t t e r e d  pho tons  b e in g  d e t e c t e d  in  t h e  t r a n s m i t t e d  
beam have  been c a r r i e d  o u t .  They showed t h a t  t h e  c o n t r i b u t i o n  t o  t h e  measured 
l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t s  was n e g l i g i b l e ,  l e s s  than  0.5%.
Measurements o f  Ray le igh  s c a t t e r  from the  c o l l i m a t o r  w a l l s  were a l s o  made 
u s ing  v a r io u s  c o l l i m a t o r  m a t e r i a l s ,  a p e r t u r e  d i a m e te r s  and c o l l i m a t o r  l e n g t h s .  
The sou rce  and a b s o rb e r  p o s i t i o n i n g  was a l s o  v a r i e d  to  t e s t  symmetry in t h e  
measurement r i g  used fo r  a t t e n u a t i o n  m easurem en ts .  No s i g n i f i c a n t  c o n t r i b u t i o n  
from e i t h e r  s o u rc e s  o f  e r r o r  cou ld  be d e t e c t e d .
Of t h e  f i f t e e n  peaks between 14 and 60 keV f o r  the  Am-241 s p e c t r u m ,  t h i r t e e n
have been shown to  be u s e f u l  for  t h e  a t t e n u a t i o n  m e a su re m e n t s ,  b u t  t h e  low 
i n t e n s i t y  3 7 . 3  and 4 3*4 keV peaks have c o n s i s t e n t l y  produced l a r g e  e x p e r i m e n t a l  
e r r o r s  , s t a n d a rd  d e v i a t i o n s  and r e l a t i v e  d i s c r e p a n c i e s  and were t h e r e f o r e  n o t  
s u i t a b l e  fo r  t h e s e  measurements  . P r e v i o u s l y  o t h e r  a u t h o r s  have te nded  to  u s e
o n ly  th e  59*5 keV peak o f  t h i s  sou rce  and to  a much l e s s e r  degree  t h e  2 6 , 4  and 
th e  17,8 keV peaks , No mention o f  any o f  the  o t h e r  t e n  peaks b e i n g  used f o r  
photon a t t e n u a t i o n  mesurements has been found by the  a u t h o r .  In  t h i s  r e s p e c t  
th e  h igh  r e s o l u t i o n  o f  t h e  S i ( L i )  d e t e c t o r  in  t h i s  energy  r e g i o n  e n a b l e s  an
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e f f i c i e n t  u t i l i s a t i o n  o f  t h i s  s o u r c e .
Summary
The r e l a t i v e  d i s c r e p a n c i e s ,  C , showed l i t t l e ,  dependence on t h e  a b s o rb e r  
a tomic number, Z,  o r  t h e  photon e n e r g y ,E ,  excep t  t h a t  i f  t h e  mass a b s o r p t i o n  
c o e f f i c i e n t  exceeded a va lue  o f  a p p ro x im a te ly  4 o r  5 cm2/g then  t h e  magnitude  o f  
C showed a n o t i c e a b l e  i n c r e a s e  as w e l l  . The va lues  were always n e g a t i v e ,  i  e 
the  measured mass a b s o r p t i o n  c o e f f i c i e n t s  were always l e s s  than  t h a t  p r e d i c t e d  by 
t h e o r y  . The obvious  e x p l a n a t i o n  t h a t  R ay le igh  s c a t t e r e d  r a d i a t i o n  i s  
c o n t r i b u t i n g  t o  t h e  measured i n t e n s i t y  has  a l r e a d y  been d i s c o u n t e d .  However 
the  r e l a t i v e  d i s c r e p a n c y  is  a s s o c i a t e d  wi th  t h e  p r e s e n c e  o f  the  a b s o r b e r  i n  t h e  
photon pa th  as  i s  shown by measurements which compared t h e  t r a n s m i t t e d  
i n t e n s i t i e s  fo r  two t h i c k n e s s e s  o f  s o l i d  f o i l s .
I t  i s  u s e f u l  to compare t h e  magnitude  o f  e r r o r s  produced when u s in g  an X-ray
tube  ( c ap a b le  o f  producing  a much h ig h e r  i n t e n s i t y  o f  pho tons  th a n  i s o t o p i c
s o u r c e s ) ,  to th o s e  o b t a in e d  fo r  t h i s  w ork .  The v a r i a t i o n  o f  th e  e x p e r i m e n t a l  
e r r o r ,  $(/*((>) i n  the  measured c o e f f i c i e n t s  with t h e  i n t e n s i t y  and t h e  pho ton 
pa th  l e n g t h  have been c o n s id e re d  in d e t a i l  in appendix A . Had the  r a d i a t i o n  
s ou rce  been an x - r a y  tu b e  w i th  an i n t e n s i t y  o f  t y p i c a l l y  5 ,0 0 0  pho tons  per  second 
a t  60 keV ( K n o l l ,  1979) the  observed e r r o r  u s in g  th e  same p2 t h  l e n g t h  and count  
t im es  as fo r  t h e  r a d i o i s o t o p e s  l e a d s  to  a r e d u c t i o n  in s t a t i s t i c a l  e r r o r  by a 
f a c t o r  o f  25 ,000  s o  t h a t  t h e  main c o n t r i b u t i o n  to  t h e  t o t a l  e r r o r  would be due to  
th e  p a t h  l e n g t h  measurements . As a comparison fo r  a 5 ,0 0 0  s e c  no a b s o r b e r  
count  and 10,000 s e c  count  w i th  w a te r  a b s o r b e r  a t  60 keV, l e a d s  to  a 0.001 /cm
(0.5%) e r r o r  fo r  t h e  x - r a y  tube  measurement and 0 .002  /cm (1%) f o r  t h e
r a d i o i s o t o p e  measurement .
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For  measurements o f  l i n e a r  a t t e n u a t io n ^  c o e f f i c i e n t s  w ith  an X-ray  tube  as 
t h e  so u rc e  o f  pho tons  the  e r r o r s  can be reduced even f u r t h e r  by u s in g  a lo nger  
pa th  l e n g t h ,  so t h a t  f r a c t i o n  e r r o r  in  t h e  measurements o f  d i s t a n c e s  can be 
bought  down . Th is  i s  p o s s i b l e  because  o f  th e  almos t  thousand fo ld  i n c r e a s e  i n  
th e  photon  f l u x .
The e x p e r im e n ta l  a r rangement al lowed v e ry  r e a s o n a b l e  measurements o f  t h e  
mass a b s o r p t i o n  c o e f f i c i e n t s  c o n s i d e r i n g  t h a t  t h e  sou rce  i n t e n s i t y  was n o t  as  
h igh  as would be p r e f e r r e d .  They a re  r e p r o d u c i b l e  to  t h e  v a l u e s  shown as w e l l  as  
in s t a n d a r d  d e v i a t i o n  and t h e  r e l a t i v e  d i s c r e p a n c i e s .
Frcm t h i s  e x p e r im e n ta l  a r rangem ent  p o i n t  o f  v ie w ,  f u r t h e r  work needs  t o  be 
done t o  a s s e s  i t s  c a p a b i l i t y  bo th  e x p e r i m e n t a l l y  and t h e o r e t i c a l l y .  The r e a s o n s  
fo r  t h e  s y s t e m a t i c  v a r i a t i o n  in  t h e  mass a b s o r p t i o n  c o e f f i c i e n t s  n eed s  t o  be 
looked a t  from s e v e r a l  l e v e l s ;  from a b s o rb e r  a tomic  number and t h i c k n e s s  
dependency what a r e  t h e  c o n t r i b u t i o n s  o f  th e  s c a t t e r e d  pho tons  t o  t h e  d e t e c t e d  
i n t e n s i t y .  This  would need to  be done u s i n g  h ig h e r  a tomic  numbers up t o  Z= 30
( z i n c )  and a source  wi th  a g r e a t e r  s p e c i f i c  a c t i v i t y  than used h e re  » In t h i s
reg io n  t h e  mass a b s o r p t i o n  c o e f f i c i e n t s  would be much more s t r o n g l y  dependen t  on 
Z and E than  fo r  t h e  a b s o r b e r s  measured f o r  t h i s  work so t h a t  changes  cou ld  be 
observed  more r e a d i l y .
Also  by v a r i a t i o n  o f  the  s o u rce  — a b s o rb e r  -  d e t e c t o r  a l ignm en t  t h e  measured 
i n t e n s i t i e s  need to be compared,  with  t h a t  c a l c u l a t e d  from e x p r e s s i o n s  o f
t h e o r e t i c a l  Ray le igh  and in c o h e r e n t  s c a t t e r i n g  p r e d i c t i o n s  by an i n t e g r a t i o n
p ro ces s  over t h e  s o u rce  a b s o r b e r  and d e t e c t o r  f a c e  a r e a  . By compar ing  t h e  
d i f f e r e n c e s  between t h e  e x p e r i m e n t a l l y  measured and th e  t h e o r e t i c a l l y  p r e d i c t e d
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v a lues  and e x t r a p o l a t i n g  t o  ze ro  a n g le  would lead to  the  amount o f  s c a t t e r e d  
photon c o n t r i b u t i o n  to  t h e  measured mass a b s o r p t i o n  c o e f f i c i e n t s .
F i n a l l y ,  t h e r e  i s  s t i l l  a l a r g e  gap in  e x p e r im e n ta l  v a lu e s  o f  t h e  mass 
a b s o r p t i o n  c o e f f i c i e n t s  fo r  a l l  e l em en t s  in  t h i s  r eg io n  and b a s i c  work on i t s  
r e l a t i o n s h i p  with  Z and E s t i l l  need to  be done . E s p e c i a l l y  e x p e r i m e n t a l l y  
where a c c u r a t e l y  measured va lues  a r e  needaJ to  check th e  p r e s e n t  t a b u l a t i o n s .  The 
most l i k e l y  r a d i a t i o n  sou rce  for  such measurements w i l l  have to  be a sy n c h ro t ro n
12- X-sr a d i a t i o n  where f l u x e s  as h igh  as 1*fo . pho tons  / s  /cmtf.. Th is  i s  a l r e a d y  used 
in s t u d i e s  o f  Extended X- r a y  Absorp t ion  Fine S t r u c t u r e  ( e x a f s ) ,
Page 162
Appendix A Choice o f  Absorber  Th ickness
Appendix A.
A 1 I n t r o d u c t i o n
One o f  the  e a r l i e s t  c a l c u l a t i o n s  o f  optimum absorber  t h i c k n e s s  had been  
c a r r i e d  out  by Grosskurth  0 9 3 4 )  whose r e s u l t s  are based on i o n i s a t i o n  chamber 
s t a t i s t i c s .  D e s l a t t e s  (1958)  examined t h e  v a r i o u s  ways in which th e  data  may 
be obta in ed  and sought  the  optimum t h i c k n e s s  for g iven  s t a t i s t i c a l  a c c u r a c i e s  
to  be o b ta in ed  w i t h i n  a minimum c o u n t in g  t i m e .  The e f f e c t  o f  background was 
co n s id e r e d  by Rose & Shapiro ( 1 948 ) .  R e c e n t ly  Bearden ( 1 9 6 6 ) ,  H e in r ic h  ( 1 9 6 6 ) ,  
and Hughes, e t . a l .  ( 1968) have a l s o  der ived  r e s u l t s  ( b u t  o n l y  H ein r ic h  
co n s id e r e d  background) f o r  f ix e d  c ounts  ( i . e .  when No=N)
A 2 Theory
Now = 1 l n (  I o  ) = y ,  s a y  -----(1 )
p  x p  ( I )
Now for a g e n e r a l  f u n c t i o n ,  g = g ( a , b fc f . . . . )
T h er e fore  i t  can be shown th a t
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c o
where i s  the  f r a c t i o n a l  e r r o r  in  y , e t c .
The t h i r d  term on the  r i g h t  hand s i d e  i s  s a id  to be t h e  u n c e r t a i n t y  
in troduced  due to  t h e  c o u n t in g  s t a t i s t i c s  o f  the r a d i a t i o n  measurements ,
A .2 . 1  Measurement C o n s t r a in t s
I f  the  number o f  counts  observed  without  and with th e  absorber  ar e  No 
and N a f t e r  a count in g  t im e o f  To and T r e s p e c t i v e l y ,  then th e  c r i t e r i a  fo r  
optimum t h i c k n e s s  can be c o n s id e r e d  for  two c a s e s ,  and each o f  t h e s e  can be 
f u r t h e r  subd iv ided  i n t o  t h r e e  c a t e g o r i e s .  These are as f o l l o w s :
1) w i th ou t  background
a)  F ixed  t i m e s ,  To=T
b) F ixed  c o u n t s ,  No=N
c )  No r e s t r i c t i o n  
2)  w i t h  background
a)  To=T
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b) No=N
c )  No r e s t r i c t i o n
z
We s e t  the  v a r i a n c e ? £ ,  a s  b e in g  th e  f i n a l  terra i n  
e q u a t io n  (2)
. . . .  E . -------------------------------- ■--------- W
2
£  i s  a m o n o t o n i c a l l y  d e c r e a s i n g  f u n c t i o n  o f  
t ime s i n c e  as
To — * 2 * To and T — * 2 * T
then No — » 2 * No and N — > 2 * N
2 *2-
and £ —* £  / 2  so we c on s id er e d  the  c a s e s .
Case 1a) ,  For a f i x e d  t im e To=T
l e t  Rt= To/T Ri= I o / I  t  = To + T
and 1 ( R i ) = Logft( I o / I )
F ig .  Al .  V a r i a t i o n  o f  the u n c e r t a i n t y  due ^  
r a d i o a c t i v e  cou n t in g  ( g2 *I q*t ) p l o t t e d  a g a i n s t  
the  t r a n s m i s s i o n  r a t i o  R^, on a l o g - l o g  s c a l e ,
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then e q u a t io n  (3 )  can be rearranged as
E* = 1 + Rt *
I o . t  [ l ( R i  )]*■
Now Rt = 1 so we have
£ ZI o . t  = 2* ( 1 + Ri)  _________(6)
[ l ( R i  )]*
Case 1b) For f i x e d  counts  No=N
Rt = 1/Ri
£ * I o . t  = 2*(1 + Ri)  ---------  (6)
[ H R i ) ] *
i . e .  a s  above case  F i g . A .  1 shows a p l o t  o f  Ri v s
i
£ . I o , t ,  The minimum for i t  oc c u r s  at  Ri = 9 .186  .
The f r a c t i o n a l  error  S y / y  i s  d e r iv e d  from e q u a t i o n s  (1 )  & (2 )  by
v a r y in g  the  count t im es  and absorber  l e n g t h s  Ey assuming Sp /p  to  be much
s m a l l e r  than Sx /x  we can n e g l e c t  i t  and then S y /y  becomes sp/p. So we can
w r i t e
O + Ri]  
IRt
 *(5)
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c J Z -  O z ■+/W- yt
cX (s. c\)
[ JUty
I f  x i s  measured with  t h e  same s e t  o f  c a l i p e r s  then 
<3* = 0 . 0 1 / x
a ( . o ' Y ” * { — + “  ■
U = I t  ' T f l* ; ] 1 1 I- I  J
(it \<T
«■ -1 , { r  * i\
By s e t t i n g  Rt = 1, f i g  A2.a )f b)  & c )  show the  t o t a l  f r a c t i o n a l  e r r o r  
C5)UL p l o t t e d  as a f u n c t i o n  o f  t h e  a t t e n u a t e d  i n t e n s i t y  I  for  d i f f e r e n t  
t imes  and a b s o r b e r  l e n g t h s .  The numbered v e r t i c a l  l i n e s  a r e  t h e  i n c i d e n t  
number o f  photons  per s e c o n d ,  Io .
F i g . A3.a), b) & c )  compares fo u r  d i f f e r e n t  t h i c k n e s s e s  o f  an a b s o r b e r  
fo r  I o  = MO and 100 on th e  same s c a l e  and MO aga in  on a l a r g e r  s c a l e .  
F ig .  AM shows the  t o t a l  f r a c t i o n a l  e r r o r  v a r i a t i o n  f o r  a 1 .0  cm. a b s o r b e r  
pa th  l e n g t h  when t h e  f ix e d  count  t im es  a r e  1000; 10000; 60000 and 100000
s ec  .
To e x p la in  t h e  behav iour  o f  t h e s e  cu rves  we c o n s id e r  e q u . ( 8 )
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fo r  a c o n s t a n t  count  r a t e
Opt -  ( 0 .0 1  /x )£ + K/T where K=[1 /Io  + 1 /1 ]
f l ( R i ) J 2
= Io  + I
Io  I f l ( R i ) ] 2
t h e r e f o r e  as T i n c r e a s e s  then  
K/T << ( 0 . 01 /x)Z
and (5/JL ~  0 -01/x 
and as I  -—> Io  th e n  l ( R i )  — s> 0 
t h e r e f o r e  Op. ^  K/T
f o r  a f ixed  a b s o r b e r  l e n g t h  x,  i f  I  << Io  then  K — > 0 
and Op ** . 0 1/x
bu t  as I  Io  th en  Op ~ K/T
Having determined  t h e  t o t a l  f r a c t i o n a l  ' e r r o r  the  n e x t  problem i s  t o  
see  t h e  v a r i a t i o n  o f  th e  t o t a l  e r r o r  Sp. f o r  a g iven x  under t h e  p r e s e n t  
c o n s t r a i n t s  o f  f ix e d  co u n t s  and t im es  fo r  th e  two measurements* As x
d e c r e a s e s  th en  i t s  f r a c t i o n a l  e r r o r  i n c r e a s e s  and hence s t a r t s  t o  become a
g r e a t e r  c o n t r i b u t o r  t o  t h e  t o t a l  e r r o r .  This  i s  c l e a r l y  d i s p la y e d  on a l l  
t h e  f r a c t i o n a l  e r r o r  curves  produced h e r e  . F o r  a f ix e d  t ime  and a b s o r b e r  
l e n g th  though when I  << Io  then  OjU~ ( 0 . 0 1/x) and the  va lue  o f  JLi i n c r e a s e s  
acc o rd in g  t o  equ (1 ) .  Hence t h e  t o t a l  e r r o r  becomes l a r g e r  a t  sm al l  I  and 
x .
F i g . A 5 . a i )  b i )  & c i )  show t h i s  c l e a r l y  and can be compared w i th  t h e  
t o t a l  f r a c t i o n a l  e r r o r  f i g . s  A 5 . a i i ) ,  b i i )  & c i i )
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Case 1c) Genera l  case  j
But for t h e  e xpe r im en t s  conduc ted  f o r  t h i s  work t h e r e  a r e  no such 
l i m i t a t i o n s  o f  e i t h e r  f i x i n g  th e  t im es  o r ’ th e  number o f  c o u n t s  o b t a i n e d .  
As a r a d i o i s o t o p e ,  Am-24.1, i s  used,  th e  count  r a t e s  a r e  v e ry  low indeed  
(a lm ost  always l e s s  than  50 p e r  sec .  fo r  any p a r t i c u l a r  peak)  when 
compared wi th  X ray  tube  o u t p u t s ,  which would be o f  the  o rde r  o f  1 0 00 ' s  per  
sec  even when t h e  d i s t a n c e s  invo lved  a r e  t r i p l e d  or quadrup led  from th e  
p r e s e n t  e x p e r i m e n t a l  r i g .  So t h e  co u n t s  No and N have to be as l a r g e  as 
p o s s i b l e  which in tu rn  s e t s  t h e  count  t im es  to be as long  as  p o s s i b l e  . So 
now the  v a r i a n c e  i s  de te rm ined  for '  a g e n e r a l  c a s e .
W r i t in g  equ (5)  aga in
£ z = 1 + Rt * El + R i ] ---(5)
Io  t n ( R i ) J 2 [ R t  ]
Now Ri = No/CN.Rt) so £*= Ex (Rt,*Ri ) = E 2(Rt, Ri ( R t ) )
f o r  f (x  y) where y = y(x)  we wish t o  f i n d  f in d  yo such t h a t
f ( x , y o )  <= f ( x , y )  where y (x )  = yo(x )  f o r  1<x<oo
A l t e r n a t i v e l y ,  c o n s id e r  m in im i s in g
—  (7)
Using c a l c u l u s  o f  v a r i a t i o n ,  M i s  a minimum when
J f  d « f  ) :  0 where y* = dy 
dxa y  d x ( d y ’ )
0
f  i s  n o t  an e x p l i c i t  f u n c t i o n  o f  y ’ . 
t h e r e f o r e  = 0
a y
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H e r e  ( ^ E f )  = 0
(dRt)Ri
1 1 t o  H \—----------  - t *  ( K < + I  \  ~ o
i.tr*.{y R*;
t h e r e f o r e  Rt=1 / j R i '
so e 2 = ( 1 + j R i  )2 ----- (8)
Io  t [ l ( R i )]*
A p l o t  o f  S *Io  . t  would be v e r y  s i m i l a r  t o  f ig ,A 1  w i th  t h e  minimum 
va lue  o f  Ri a t  12.896,  The va lue  o f  £ * I o . t  fo r  t h i s  c a s e  i s  even l e s s  t h a n  
fo r  t h e  above two cases  . As x — > 0 then  Ri — > 1 and the e r r o r  i n c r e a s e s  
r a p i d l y ,
F ig ,A 6 .  a ) ,  b) & c )  a r e  p l o t t e d  from equ.  (8) above,  where T t o t  i s  now 
t h e  t o t a l  co u n t in g  t ime  in m easu r ing  th e  i n c i d e n t  and t h e  a t t e n u a t e d  f l u x  
i . e .  To + T , Notice t h a t  a c r o s s  most o f  th e  range  o f  I ,  t h e  f r a c t i o n a l  
e r r o r  i s  v e ry  much the  same ( t h e  d i f f e r e n c e  i s  a smal l  f r a c t i o n  o f  1%) 
r e s u l t i n g  in  t h e  same magnitude  o f  t h e  t o t a l  e r r o r .  Even as I  — * Io 
though the  f r a c t i o n a l  e r r o r  i n c r e a s e s  r a p i d l y ,  an even g r e a t e r  r a t e  o f  
d e c r e a s e  in t h e  Jk va lue  manages to  keep the  t o t a l  e r r o r  t h e  same as b e f o r e .
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'»* •. t
A,3 Conclus ion
As x i s  i n c re a s e d  beyond t h e  minimum va lu e  of  £ 2. I o r t  th e  va lue  o f  Ri a l s o  
i n c r e a s e s  s in c e  t h e  t r a n s m i t t e d  f l u x  d e c r e a s e s  e x p o n e n t i a l l y .  There w i l l  be a 
c e r t a i n  p o i n t  beyond which the  above th e o ry  w i thou t  m o d i f i c a t i o n  can no lo n g e r  
be a p p l i e d .  This  i s  beca u se  a t  t h i s  p o i n t  the background count  r a t e  i t s e l f  
becomes comparab le  t o  I  . An a c c u r a t e  t h e o r y  would need t o  c o n s id e r  t h i s
c a r e f u l l y .  H i l l e r  (1973) p r e s e n t e d  an approximate t h e o r y  fo r  t h e  background
cas e  which would need t o  be c o n s id e r e d  i f  an X -ray  tu b e  and a gas p r o p o r t i o n a l  
c o u n t e r  i s  u s e d .  However fo r  t h e  p r e s e n t  c a s e  the w e l l  c o l l i m a t e d  S i ( L i )  
d e t e c t o r  gave a background ra t ' e  o f  zero  ( t o  t h r e e  s i g n i f i c a n t  f i g u r e s )  when 
counted for  50 ,000  seconds  and th e  t r a n s m i t t e d  f l u x ,  I was always
s u b s t a n t i a l l y  g r e a t e r  than  t h i s .
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Appendix B. Parametr  i s a t i o n  o f  C r o s s - s e c t i o n
The a t t r a c t i o n  o f  an e x p r e s s io n  t h a t  can be used t o  c a l c u l a t e d  f o r  a
range  o f  E and Z a re  obvious  and compute rs  have al lowed s e v e r a l  such c a l c u l a t i o n s  
t o  be made (Brysk and Zerby (1967) Hawkes and Jackson  ( 1 9 8 0 ) ) .  The a u th o r  has  
i n d e p e n d e n t l y  c a r r i e d  ou t  such a p a r a m e t r i s a t i o n  u s in g  th e  f o l l o w i n g
r e l a t i o n s h i p s :
C r o s s - s e c t i o n s  were f i t t e d  i n d i v i d u a l l y  and JU was c a l c u l a t e d .  The t o t a l
i n c o h e r e n t  c r o s s - s e c t i o n  was de te rm ined  from a m odi f ied  v e r s i o n  o f  t h e  
K l i e n -N i s h i n a  (1929) r e l a t i o n s h i p  and t h i s  was m u l t i p l i e d  by a f u r t h e r  f a c t o r  
polynomial  no t  u n l i k e  t h e  s c a t t e r i n g  f u n c t i o n  a l lo w in g  fo r  changes in  momentum 
between photon and e l e c t r o n .  The R ay le igh  s c a t t e r i n g  was a l so  f i t t e d  to  an 8 th  
o rd e r  po lynomia l  from t h e  same r e f e r e n c e .  Th is  f i t  i s  a p p l i c a b l e  f o r  1<=Z<=20 
and 10< =E<r100 Kev, Two f u r t h e r  f a c t o r s  were d e t e rm in e d ,  one fo r  hydrogen ( low 
Z) and one f o r  low energy ( <12 Kev ) and t h e s e  were a p p l i e d  t o  th e  t o t a l  c r o s s -  
s e c t i o n .
p h o t o e l e c t r i c  c r o s s - s e c t i o n ,  , v a lu e s  were taken  from V eigele  (1973) .  The
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The o v e r a l l  q u o t i e n t  o f  f i t t e d  d a t a  t o  V e i g e l e ’s (1973) d a t a  i s  0 .993  + / -
w i th  t h e  e x p e r i m e n t a l  d a t a  o f  M i l l a r  and Greening (197*0 t h i s  was 0 .9 9  + /  *02
where t h e  Z and E range  o v e r l a p .  For  w a te r  a t  6 0 . Kev va lu e s  were compared w i th  
McCullough ( 1 975 )? Rao and Gregg (1975) and P h e l p s , e t  ,a l .  (1975),  and t h e  f i t t e d  
d a t a  i s  w e l l  w i th i n  t h e  quoted e r r o r  o f  t h e s e  a u t h o r s .  These v a lu e s  were a l s o  
compared with  t h e  t h e o r e t i c a l  c r o s s - s e c t i o n  c a l c u l a t i o n s  o f  Jackson & Hawkes 
( 1 9 8 1 ) , ( s e e  c h a p t e r  3) , exce p t  fo r  hydrogen a t  10 Kev t h e s e  v a l u e s  a r e  w i t h i n  1%.
The t h r e e  modes o f  i n t e r a c t i o n  a r e  c o n s id e re d  s e p a r a t e l y  and t h e  d a t a  o f  
Veige le  (1973) have been used to  f i t  t o  a f u n c t i o n  which would be a p p l i c a b l e  fo r  
1<=Z<=20 and 1(X=E<=100 a s  would be no rm al ly  encon te red  in  Computed Tomography 
(assuming t h a t  h ig h e r  energy  pho tons  com pri se  a v e r y  small  f r a c t i o n  o f  t h e  t o t a l  
number)«
B 1 P h o t o e l e c t r i c  Cross s e c t i o n  F i t
Each element  i s  looked a t  s e p a r a t e l y  and with  n in e  d a t a  p o i n t s ,  ( a t  
e n e r g i e s  10 , 15, 20,  30, *10, 5 0 ,  60,  80,  and 100 Kev) a f i t  to  t h e  f u n c t i o n
( I n  [T * ‘ ] ) = A(z) + B(z)  I n  [E ] .  —   ......... -  (1)
where E i s  in KeV and t  i s  t h e  p h o t o e l e c t r i c  
c r o s s - s e c t i o n  in  b a rn s  per  atom f o r  a g iven  
Z .
With t h e  a ssumpt ion  t h a t  t h e  c o e f f i c i e n t s  A(z)  and B(z)  a r e  in d e p e n d e n t  
o f  the  e n e rg y ,  t h e y  were th e n  f i t t e d  t o  a po lynomial  o f  o rd e r  8,  so
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A (z)  = a i * z‘ and B^z > = 2  b - * z ‘ — (3)
■ B . 2 . Coheren t  S c a t t e r i n g  Cross S e c t io n  F i t
T h i s  was done in e x a c t l y  t h e  same way as above
B 3 I n c o h e r e n t  S c a t t e r i n g  Cross S e c t io n  F i t
A s e m i - e m p e r i c a l  d e r i v a t i o n  was used h e re  To the  o r i g i n a l  K le i n -N i s h i n a  
r e l a t i o n ,  H a s t in g s  f i t t e d  t o  i t  an em p e r ic a l  r e l a t i o n  given  by
These v a lu e s  agreed e x a c t l y  with Hubbell  ( 1969 ) who d id  not. t a k e  i n t o  
c o n s i d e r a t i o n  t h e  e l e c t r o n  b in d i n g  energy  , Comparison o f  t h i s  r e s u l t  w i th  
Veigele (1973) d a t a  l e d  to  t h e  f o r m u l a t io n  o f  a f a c t o r  n o t  u n l i k e  t h e
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I n c o h e r e n t  S c a t t e r i n g  F u n c t io n ,  F ( c h a p t e r  3)- The d e r i v a t i o n  o f  F i s  
s i m i l a r  t o  t h a t  d e s c r i b e d  above — i . e .
I n  (F) = X + Y In  (Z)    (5)
( r  •
and X r  [ 2 .  xi.  E l ] -  1] —  (6)
i Z )
6
and Y = Z y i , E i -------- (7)
is \
(X1 = X + 1)
However t h e r e  i s  one main d i f f e r e n c e  h e r e  } i n s t e a d  o f  l o o k in g  s e p a r a t e l y  
a t  each  d i f f e r e n t  e lem en ts  and s e e i n g  t h e  v a r i a t i o n  with  ene rgy ,  i n  t h i s  c a s e  
g r e a t e r  p r e c i s i o n  was o b ta in e d  i f  t h e  v a r i a t i o n  with Z a t  c o n s t a n t  ene rgy  was 
looked a t  .
The -1 term i n  e q u a t io n  (6)  was in t ro d u c e d  because t h e  v a l u e s  o f  X f o r  
some Z*s were n e g a t i v e  which made t h e  f i t t i n g  r o u t i n e  u n n e c a s s a r i l y  
c o m p l ic a te d .
The va lues  o f  th e  c o e f f i c i e n t s  a ; ,  &• , c t , cl  ^ , and a r e
l i s t e d  in  t a b l e s  B.1 , B.2 & B,3 .
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Table B.1
I n c o h e r e n t  C o e f f i c i e n t s
i ct di  .
1 1.651035 12.501332
2 9.340220 -14.200407
• 3 8. 325004 1.699075
F o r  low energy  (<12 Kev) t h i s  s t i l l ,  led  t o  an e r r o r  as  h ig h  as h igh  as
5% and a l s o  fo r  Hydrogen (low Z) f o r  a l l  e n e r g i e s .  T h e r e f o r e ,  t o  t h i s  (E,Z)
range  a f u r t h e r  " n o r m a l i s a t i o n  f a c t o r "  was d e r ive d  to  be m u l t i p l i e d  by t h e
t o t a l  c r o s s - s e c t i o n .  They a re  given  by -  
■ a )  For  low energy
fen  = exp ( 0310279 + 0.00369799 I n  (Z) )
b)  For  Hydrogen
fz  = exp ( 103376 -  .0178194 In  (E) )
The f i n a l  e x p r e s s io n  f o r  th e  t o t a l  c r o s s - s e c t i o n  can now 
be  w r i t t e n  as
f i W J u t  = < W  Z S “ T + 0  1
f in£ ~  ( f  e n . f z )
f o r  th e  (E , Z) range  10 KeV <= E <= 100 KeV.
and 1<= Z <= 20
where f i n  = 1 f o r  E> 12 KeV
and f z  = 1 f o r  Z $ 1
iPIlOTOl
COFFFIiC
a .l
•LECTRIC 
11 ENTS
b.l
C(
COI
a . 
i
111ERENT
•FFECIENTS
b.l
1 -7 7 0 4 .3 3 3 3 . 7 / 5 0 -4 .0 7 7 2 8 0.667994
2 17642-. 2 -1 .9 6 3 2 5 8.10523 2 . 82188E-2
3 -14716 .4 0 .317226 - 3 .3 2 2 6 8 - 2 . 95764E-2
4 5872.81 - 6 . 68368E-2 0.745409 4 . 48643E-3
5 - 1 2 3 3 .6 0 9 . 73271E-3 - 9 . 70806E-2 - 2 . 91682E-5
6 163.861 - 8 . 36256E-4 7 . 60939E-3 - 4 . 65028E-5
7 -11 .5151 4 . 11475E-5 - 3 . 54597E-4 4 . 34624E-6
8 0.408053 - 1 . 08134E-6 9 . 05510E-6 - 1 . 60523E-7
9 - 5 . 74726E-3 1 . 18438E-8 - 9 . 75741E-8 2 . 18452E-9
Table B .2 .
INCOHERENT CORRECTION 
FACTOR COEFFECIENTS
i x.
1 1.2453tf ' 0 . 2 9 5 ^ 1 .........  "
2 - 3 . 67536E-2 - 1 .07658E-2
3 1 . 70648E-3 7 . 27981E-5
4 - 3 . 59223E-5 2 . 89519E-6
5 3.47878E-7 - 5 . 28061E-8
6 - 1 . 25116E-9 2 . 45665E-10
Table B .3 .
COEFFECIENTS OF FITS TO POLYNOMIALS TO VEIGELE DATA.
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B.4 Behaviour  o f  ( f i t ) f f
Tab le  B. 4 g iv e s  t h e  va lue  o f  t h e  q u o t i e n t  ^e^eie /  ^or  ^he
p h o t o e l e c t r i c ,  c o h e r e n t  , i n c o h e r e n t  and th e  t o t a l  c r o s s  s e c t i o n .  For  th e  
range  c o n s id e re d  t h e r e  i s  an o v e r a l l  e r r o r  o f  0.7X compared with  V e i g e l e ’ s 
d a t a ;  t h e  mean va lu e  o f  the  q u o t i e n t  i s  0 .993  + /  0 .014  where 0 .014  i s  one
s ta n d a rd  d e v i a t i o n  o f  the  mean.
At h ig h e r  e n e r g i e s  i t  was t e s t e d  wi th  t h e  measured d a t a  o f  McCullough 
( 1 9 7 5 ) , Rao and Gregg (1975) and P h e l p s ?e t , a l .  ( 1975) and aga in  t h e  f i t t e d  d a t a  
was w i t h i n  t h e  l i m i t s  o f  e r r o r s  o f  t h e  a u t h o r s ,  e, g.  fo r  th e  v a l u e s
v a r i e d  from .203 t o  .206 /cm, and t h e . f i t  g ive s  *2057 /cm compared wi th  .2063 
/cm a t  60 KeV with Veigele ( 1973),  though i t  must be p o in t e d  ou t  t h a t  Rao and 
Gregg (1975) an  ene rgy  of  60 KeV f o r  the  Am-2 41 sou rce  whereas  i t  sh o u ld  be 
5 9 . 5  KeV even though t h i s  would on ly  l ead  t o  an e r r o r  o f  +.4%. D i s c r e p a n c i e s  
in  t h e  com pos i t ion  and s p e c i f i c  g r a v i t y  (e g .  fo r  h e a r t  m u s c l e ,  ICRP Ref. 
Man. ( 1975) q u o te s  1,04  and Rao and Gregg (1975) quo te s  1 03) would le ad  t o  a 
g r e a t e r  e r r o r .
F ig s  B .1 -B .5  shows the  I n c o h e r e n t  c r o s s - s e c t i o n  v a r i a t i o n  w i th  t h e  
energy  f o r  H Bo; Ne, P and Ca wi th  and w i thou t  the  a p p l i c a t i o n  o f  f ( i n c )
I . . ( . . I-;'. W ‘ 1 ..'i601 1. 0808
0 0 , 0.9932 0,9034 1 ,*8627 1.8102
30. 8.9928 0. 98:1 9 1.0500 1.8058
40 , 8,9931 0, 9875- 1.8368 8 .9974
50. O.9956 8.9950 1.8362 1.0034
60, 0 1 9 9 5 9 1.0842 1.8439 1 , 0 1 1 2
80. 1.0014 1.0109 1.0171' 0.9931
1 0 0. 1.0842 1.8212 1,0131 0,9987
ATOMIC NO. OF ELEMENT :: 2 .
KEO PKOTOELEO COHERENT XNCOH TOTAL.
:l O . 1 . 0 1 2 1 1.0357 1.0188 0,9865
15. 0.9993 0.9574 0.9991 8.9988
2 0 . 0.9942 • 0.9388 1. 13834 1.0015
38. 8.9963 8 .9287 1,0868 1,8028
46. 0.9971 O.9391 1.0878 1 . 0 0 0 1
58. 0,9997 8.9513 1.0127 1,8125
60 ■ 1.0007 8.9623 1.8215 1.8157
98, 1.0859 0,9884 1,0851 1.0832
.1 08 . 1 .8080 :l . 8087 1,8027 1.0829
ATOMIC NO. O F •ELEMENT •./ »
KEO PH0T0E1...EC COHERENT INCOH TOT At.
1 0. 1.0867 1.1848 1,0896 1,8126
< 75. 0,9926 J.8553 8.9831 0.9951
28. 0,9824 1,8140 O,9823 O .9889
50, O .9824 1.8025 8.9897 O .9939
40. O,9794 1,8164 8,9915 O.9955
50. O ,9839 1.8377 0,9969 0.9988
6 8 . 8,9843 1,0688 1,0843 1.0060
80, O.9928 1,1069 8.9998 1 . 0 0 2 1
.030. 8 .9935 1.1421 0,9991 0,9966
ATOMIC NO. OF EI..EMEN7 :: 4 .
KEU PHOTOELEC COHERENT INCOH TOTAL
1 0 . 1.0237 1.1348 1.8007 O.9981
15, 1,0077" 8 ,9744 8,9721 O,9850
2 0 . :i . 0023 8.9318 0,9751 '0.9735
38. 1,0804 8.9154 O,9835 0.9810
48. :l , 0O69 0.9313 8.9875 ,0.9845
58, 1,01.29 8.9561 0.9897 O,9901
O0 . 1.0188 0.9835 0.9969 0.9965
8 8 . 1,0275 1,8368 8,9941 O .9944
1 00 . :1 . 0363 1.8874 8.9944 O,9959
ATOMIC NO. OT ELEMENT 5 •
KE9 PHOTOELEC COHERENT INCOH TOTAL
1 0 . 1.0270 1 ,1198 0.9825 O .9963
15. 1.8044 8.9381 8.9660 0 . 98:37
28, . 8,9968 8.8988 8,9722 O .9661
38, 0,9911 0.8765 O.9830 O . 97.1. .1
40. 0.9896 8.8930 8.9861 O ,9758
50. 0.9951 O.9192 0.9868 O .9847
6 8 , , 0.9998 0.9472 8.9940 0,9901
80. 1.0897 1.0086 0.9939 O ..9950
180. 1,0158 1.0673 0.9948, 0,9947
ATOMIC .NO. OF ELEMENT - 6 ,
Table B.4 Ra t ios  o f  the V eige le  (1973) d a t a  to the  
f i t t e d  d a t a ,  f o r  the p h o t o e l e c t r i c ,  c o h e r e n t ,  i n c o h e r e n t  and 
t o t a l  c r o s s - s e c t i o n  of  Z ' s  from 1 to 20.
20. 8.9862 8.9:1.13 0. ' 697 •0.969.1
30. 0.9794 0.8919 8.9803 0.9701
40, , 0 . 9816 " 0. 9 ;|. 09 0 . 9834 0 . 9748
50. 0.9831 0.9388 8,9863 8.9824
6 8 . 8.9870 0.9713 0.9988 8.9987
8 8 . 0.9953 1.8299 8.9938 8.9946
180. 1.8034 1.8952 8.9945 -0.9968
ATOMIC NO, OF ELEMENT ~ 7.
KEY .-PHOTOELEC COHERENT INCOH TOTAL.
18, 1,0131 1.1759 8.9721 " 8.-9817
15. 8.9839 1.0284 8,9643 8.9845
28. 8,9735 8.9547 8,9731 8.9789
38. 0,9684 - 8.9302 0.9844 8.9718
48. 8.9748 8,9466 8,9853 8,9788
58, 8.9787 0.9757 0.985(1 8,9846
6 8 , 8,9878 1,0064 8,9982 8.9987
8 8 . 8.9981 1.8729 8.9919 8.9948
.:! 8 8 . 1,0098 1.1425 8,9948 8,9981 .
ATOMIC NO. OF ELEMENT - 8 .
KEY PHOTOELEC COHERENT INCOH TOTAL
‘ 18. 1,0196- 1.1788 0,9753 0.9822
15. 8.9883 1.8466 8,9650 0.9908
, 20. 8.9787 8.9822 8.9748 8.9799
.38. 8,9778 8.9530 8.9862 8,9778
48. 8.9871 8.9649 0.9859 8.9826
58, 8 .9933 0,9925 8,9855 8,9878
60. 1,0819 1.0225 0.9898 8.9941
8 8 . 1,8151 1.6869 8 ,993© 8 ,9977
:l 08. 1. 8299 1. 1521 8 . 9933 8 .9993
ATOMIC NO, OP ELEMENT « 9.
KEY PHOTOELEC COHERENT INCOH TOTAL
18. 1,8395 1,1376 8,9862 1.0802
15. 1.0826 1.0382 8,9682 1.8821
20, 0.9891 8,9734 8,9774 • 8,9849
38. 8,9833 0,9418 8.9887 8.9815
48. 8.9878 0.9517 0/9876 8.9827
50. 0.9912 0.9754 8.9873 8.9874
60, 8.9995 1.8837 8,9896 8.9924
80. 1.8129 1, 8646 8.9936 0.9985
180. 1.8224 1.1236 8,9948 1,8009
ATOMIC NO. OF ELEMENT- -18.
KEY PHOTOELEC COHERENT INCOH TOTAL
18. 1,8416 1.8699 1,8137 ’1.8002
15. 1.006O 8,9820 8.9779 0.996!.
28. 8.9891 0.9369 8.9831 8.9827
38. 8 . 9851. 8 . 9878 8 , 9938 8 . 97313
48. 8.9882 0.9131 8.9922 8.9822
58, 0.9951 8.9347 8,9902 0.9846
6 8 . 1.0858 0.9632 8,9916 0.9902
8 8'. I . 8186 1, 0211 0, 9939 0, 9988
:l 80. 1.0344 1.8767 8.9958 1, 8805
ATOMIC NO, OF ELEMENT ~ 11.
KEY PHOTOELEC COHERENT- INCOH TOTAL
Table B .4 .  c o n t ’d .
v .'.i . l -l , ' :•■} > / W . v,:\ 0 . 868 . 0.9839
• 30. 0.9767 0.9048 '0.'991 0.9755
4 0 , 0.9799 0,9GBB 0.9956 0.9750
50. • O .9862 0.9296 0.9922 0.9821
60. 0.9901 0.0583 0.9928 G.9882
80. 1.0058 1.0117 G.9957 0.998O
100. 1.0184 1.0661 0,9965 1.0027
a t o m i c MG. OF ELEMENT :: ;['!>.
KEG PHOTOELEC COHERENT INCOH TOTAL
10. 1. 047:1 1.0906 1.0353 . '1,0069
15. 1.0854 0.9912 0,9865 1.0845
80. 0.9901 0.9532 0,9893 O.9909
30. 0.9850 0.9199 1.0032 0.9809
*10. 0,9912 0.9220 0.9996 0.9844
50, 0.9963 0,9407 0,9951 0.9877
60. 1.0048 0,96/0 0. 9 9 3/; 0.9936
B0 , 1,0218 1,0231 0,9970 1.0031
1 0 0 . 1.0364 1.0766 0,9969 1 .0O6 6
ATOMIC NO. OF ELEMENT ~. 13.
KEG PHOTOELEC COHERENT INCOH TOTAL
1 0 . 1,W224 1,1160 1,0415 0,9833
15. O,9771 1.0141 O. 9905 0.9781
/ 2 0 . O,9633 0.9766 0,9923 0,9675
30. 0 .9622 0.9443 1,O062 0,9664
40. O . 97 1.9 8 .9457 1.0043 0,9773
50. O.9814 O.9650 O.9973 0 .9864
60 . O.9926 8.9907 O .9954 0.9923
80. 3,01.13 1.0513 0,9996 1.O064
1 0 0 . 1.0296 1.1086 0,9988 1 .0 1 1 2
ATOMIC NO. OF ELEMENT :••: 14.
KEO PHOTOELEC COHERENT INCOH TOTAL
1 0. 1 . 05:16 1.1425 1.O440 1.0O73
15. 1,0875 1,8283 0,9932 1.0O77
2 0 . 0,9890' 0.9985 O.9944 ' 0.9919
30. 0.9865 0 ,• 9668 1,0098 0,9871
40. 0.9907 0.9689 T.0O66 0.9939
50. 1.8032 0.9875 1.0004 0,9963
6 0 , . 1.0092 1.0132 0.9982 1.O064
80. 1,0274 1.0775 1 , 0 0 0 2 1 . 8 1 1 6
1 0 0 . 1.0389 1.1368 1.0004 1.0173
ATOMIC NO, OF ELEMENT ~ 15.
KEG PHOTOELEC COHERENT INCOH • TOTAL
1 0 . 1.0368 1.1492 1.0455 0.9964
15. O .9866 1.0267 O.9981 0.9881
2 0 , 0 , °6 (:;,2 O .9909 O .9985 O.9704
30. O .9606 0.9676 1. 0.1.27 0 .9654
40. .O .9633 O ,9684 1 .0 1 1 1 0.9727
50. O .9689 0 .9882 1.0O29 O .9838
60, O,9798 1 , 0 1 2 2 1,00O5 0,9925
80. 0.9973 1.0777 :l . 0 0 2 0 1,0098
1 0 0 , 1,0158 1.1399 1,0016 1,0153
ATOMIC NO. OF ELEMENT 16.
KEG PHOTOELEC COHERENT INCOH 'TOTAL.
Table B.4 c o n t ’d .
3 1. 0.9769 O.'OOl :i . 1.005 O .
38. 0.9677 0.9459 ' 1.01.4? ‘ 0.9683
40. 0 . 971 :l. 0.9489 1.0:136. 0.9753
50. : 0.9824 0.9669 :l . 0049 0.9849
60. 0.9873 0.99:1,8 1.0023 0.9953
8 8 , 1.0066 1.0556 1.0848 1,0110
100. 1.0246 1.1114 1.0027 1.0174
ATOMIC NO, OF ELEMENT -•• ;|.7,
KEG PHOTOELEC • . COHERENT INCOH TOTAL
10. 1.0469 1.1241 1,0408. 1,O052
15. 0,9988 0.9777 1,0022 0.9998
20. 0.9812 O .9404 1.0031 0.9804
30. . 0.9696 0.9263 1.0179 0.9745
40, 0.977O ' 0.9312 1.0168 0.9798
50. 0.9371 0.9479 1,0077 079878'
60. 0.9987 0.9725 1,0038 0.9946
80. 1.0155 1.0317 1.0060 1.0130
100. 1.0349 1.0913 1.0048 1,0213
ATOMIC NO. OF ELEMENT ^ I8 . •
KEG PHOTOELEC COHERENT INCOH TOTAL
10. 1.0425 1.1512 1.8421 1.0024
15. 1,0002 0,9903 1,0060 0.9982
20. 0.9323 0.9511 1.0063 8.9823
'30. 0.9782 0.9378 1.0215 0.9810
40. 0.9354 0.9476 1.0195 0.9860
50. 0.9946 0.9638 1,0112 O .9960
60. 1.0048 0.938O 1.O061 1,8052
8 8 . 1.0282 1,0523 1.0081 1.0218 *
ICO. 1.0469 1.1127 1.0O55 1.0276
ATOMIC NO. OF ELEMENT. =■•• 19.
KEG PHOTOEI..EC COHERENT INCOH TOTAL
1O . 1,0608 1,2312 1,0349 1,0192
15. 1.0037 1.05O1 1.0052 1.O106
20. 8.9877 .1,0865 1,0078 0.9888
30. 8.9760 8.9982 1. ©2.34 8 . 9818
40. 0.9819 1,0082 v 1.0218 0,9885
50. 0.9904 1.0284 1.8132 0.999©
60. 1.0008 1.0570 1,8081 1.0084
80. , 1.0195 1.1216 1.0099 1.0263
108. 1.8383 1.1901 1,0071 1.0371
ATOMIC NO. 0!: ELEMENT ^ 20.
KEG PHOTOELEC COHERENT INCOH TOTAL
IO. 1.0435 1.1945 1.0248. 1.8829
15. . 0,9907 1,0119 1.0041 0.9890
20. . 0.9714 0.9647 1.©089 0.9719
30. O ,9632 8.9583 1,8250 O ,9664
40. ©.9703 0.9693 1.8233 O .9713
58. 0, 9798 0 . 9984 1 . 8 :1.4? 8 . 9860
60. 0.9910 K0177 1.0098 0.9972
80, 1,0152 1.0830 1.0126 1.0208
1O0. 1.8382 1.1502 1.0O86. 1.0327
Table B.4 c o n t ’d.
193 Appendix B P a r a m e t r i s a t i o n
The i n v e r s e  o f  f ( i n c )  i s  s i m i l a r  t o  t h e  i n t e g r a t i o n  o f  S(q,  Z) over a l l  
d i r e c t i o n  and can be denoted  by p(E Z) a s  mentioned in  Chapte r  3.  F ig s  
B .6 -B .1 0  p l o t s  t h i s  f u n c t i o n .  I t  can be seen  * t h a t  with  t h e  e x c e p t i o n  o f  
Hydrogen,  the behav iour  o f  a l l  e l e m e n t s  i s  s i m i l a r  b u t  with  d i f f e r e n t  s c a l i n g .
F ig s  • B -11—B.15 shows the  r a t i o  o f  t h e  I n c o h e r e n t  c r o s s - s e c t i o n  t o  
V e i g e l e ’ s d a t a  with  [ 03 ] and w i th o u t  [+] . Again,  ex c e p t  f o r
Hydrogen,  i t  g r e a t l y  reduces  t h e  d i s c r e p a n c y  at the  lower energy  as e x p e c t e d .
F ig .  B.16 compares t h e  I n c o h e r e n t  c r o s s - s e c t i o n  fo r  t h e  f i v e  e l em en t s  in  
f i g s  . B .1 -B .5  a g a i n s t  t h e  photon e n e rg y .  F i g s ,  B.17 and B.18 shows t h e  
p l o t s  o f  vs. Energy and vs. Atcmic number r e s p e c t i v e l y .
For a l l  e l em en t s  exce p t  hydrogen i t  i s  n e c e s s a r y  to  use  t h e  f u n c t i o n  
, e s p e c i a l l y  a t  low e n e r g i e s  and fo r  t h e  h ig h e r  Z’ s where t h e  d i f f e r e n c e s  
in  t h e  i n c o h e r e n t  c r o s s -  s e c t i o n  i s  a s  h ig h  as 100%. F o r  hydrogen though  i t s  
e x c l u s i o n  r e s u l t s  i n  a much b e t t e r  agreement w i th  Veige le  (1973) d a t a  ( l e s s  
than  155 d i s c r e p a n c y  over t h e  whole o f  th e  ene rg y  r a n g e .
Fig. B1. Free & Bound Electron incoherent Cross-section for H
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Fig.B2 Free & Bound Electron Incoherent Cross-section for Bo.
Free
Bound
2 .0
20 40: 60 80
Ener-qy (Kev)
100.
Se
ct
. 
(b
/a
to
m)
 
X
-
Se
ct
. 
(
b
/
a
to
m
)
F i g . B d .  F r e e  & Bound E l e c t r o n  I n c o h e r e n t  C r o s s - s e c t i o n  t o r  Ne
Free
Bound
4 .0
20 40 60 80 100
Energy (Kev)
1 0 . — ■
9.0
.0 • •
7.0--
6 . 0  ■-
5.0
20
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